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PREFACE. 


This  work  is  divided  into  three  parta.  The  first  relates  to  those 
branches  of  the  operations  of  engineering  which  depend  <»n 
geometrical  principles  alone,  that  is  to  say,  Sueveyino,  Levelling, 
and  the  Settino-oct  of  works,  comprehended  under  the  general 
name  of  Ekgineebino  Geodesy,  or  Field- Work.  The  second  part 
relates  to  the  properties  of  the  Materials  used  in  engineering  works, 
such  as  earth,  stone,  timber,  and  iron ;  and  the  art  of  forming  them 
into  Structures  of  different  kinds,  such  as  excavations,  embank- 
ments, bridges,  &c.  The  third  part,  under  the  head  of  Combined 
Structures,  sets  forth  the  principles  according  to  which  tlie 
stractures  described  in  the  second  part  are  combined  into  extensive 
works  of  engineering,  such  as  Boads,  Railways,  River  Improve- 
ments, Water-Works,  Canals,  Sea  Defences,  Harbours,  «kc. 

The  first  chapter  of  the  second  part,  entitled  a  Sumnuiry  of  tfie 
Principles  of  Stability  and  Strength,  forms  not  so  much  an  integral 
part  of  the  book,  as  a  collection  of  mechanical  principles  and 
formulae,  introduced  for  the  sake  of  being  conveniently  referred  to 
in  the  subsequent  chapters,  so  as  to  prevent  their  being  encumbered 
with  mathematical  investigations  to  a  greater  extent  than  is 
absolutely  necessary. 

The  third  part,  so  far  as  the  details  of  the  designing  and  execution 
of  works  are  concerned,  consists,  to  a  great  extent,  of  references  to 
the  first  and  second  parts,  its  special  object  being  to  explain  those 
principles  which  are  peculiar  to  each  class  of  great  works  of 
engineering,  and  which  regulate  the  general  plan  of  such  works. 


VI  PREFACE. 

The  tables  of  the  strength  of  materials  at  the  end  of  the  volume 
give,  as  regards  iron  and  stone,  average  and  extreme  results  only. 
Detailed  information  as  to  the  strength  of  different  kinds  of  stone 
and  iron  is  given  in  the  course  of  the  text,  under  the  proper 
headings. 

I  have,  throughout  the  book,  adhered  to  a  systematic  arrange- 
ment as  far  as  was  practicable,  and  have  only  de^mrted  &om  it  in  a 
few  instances,  when  it  became  necessary  to  introduce  questions  that 
had  arisen,  or  facts  that  had  been  ascertained,  after  the  completion 
of  the  part  of  the  work  to  which  they  properly  belonged.  In 
drawing  up  the  table  of  contents  and  the  alphabetical  index  care 
has  been  taken  to  show  where  such  detached  pieces  of  infoinnation 
are  to  be  found, 

W.  J.  M.  R. 

Glasgow  College,  6th  January^  1862. 


CONTENTS. 


PAST  L— OF  ENGINEERING  GEODESY,  OB  FIELD-WORK. 
Chaptbb  L— Gbkkrai.  ExPLAHATioira. 


Art  Pa(ce 

1.  SnTveying,LeTeIlmgf&  Setting-oat,  1 

2.  Plan  and  Section,       ...  1 
S.  Uonzontal  Snr&oe  —  Size  and 

Figure  of  the  Earth,       .        .  2 

4.  Measares  of  Length,  ...  2 

5.  Measures  of  Arra,       ...  4 

6.  Measures  of  Volume,          .        .  4 

7.  Scales  for  Plans,         ...  4 

8.  S<»les  for  Sections,     ...  7 

9.  Methods  in  SunreTing,        .        .  8 

10.  Use  of  Trigonometry,          .        .  9 

11.  General  Order  of  Operations  in 

Engineering  Geodesy,     .  9 


Art  Pa«e 

12.  Older  of  Operations  in  the  De- 

tailed Sun*eT,         •        .        .11 

13.  Infonnation  on  I'Un,  .        .     13 

14.  Information  on  Section,       .        .     14 

15.  liench  Marks,     .        .        .        .15 

16.  Checking  Levels,  .        .15 

17.  Estimates  and  Borin;;s,       .        .     15 

18.  Centre  Line  as  a  base  for  Land- 

Plan  Survey,  .        .        .15 

19.  Diamage  to  Property  to  be  avoid- 

ed,   15 

20.  Armnpement    of    the     ensuing 

Chapters,        .         .        .        .16 


Ghaftsb  n.— Of  Sinivm!vo  with  th«  Chaih. 


21.  Marks  and  Signals  —  Stakes  ~ 

Banging-Poles — Whites,    Ac,    17 

22.  Structure  and  Use  of  the  Chain 

and  Arrows,  .  .        .18 

23.  Chaining  on  a  Declivity,     .        .    20 

24.  Offiwts  —  Cross-Sta£r  —  Optical 

Square  —  Offset-SUff— Tape- 
line,       21 

25.  Oblique      Offsets  —  Surveying 

BnildlngSy      .       •        .        .    22 


26.  Chained    Trian/rles  —  Ill-condi- 

tioned Triangles— Tie-lines,   .  23 

27.  Gaps  in  Station-lines,         .        .  24 

28.  Field-Book,        ....  80 

29.  Plotting  Survey,          ...  31 

30.  Plotting  Triaiigles--Juncti9ns  of 

Sheets, 31 

31.  Plotting  Distances— Offwts  snd 

Details— Book  of  Reference,   .  .^2 

82.  Measuring  Areas — Platometcr,   .  83 


Chaftkb  in.— Of  SuBVKrnio  bt  Axoclab  Measurkmkhtb.    (See  also  p.  128.) 

39.  Vk  of  the  Compass  in  Sun-eying,  C7 

86      40.  Great  Trigonometrical  Suney,    .  68 

63      41,  Great  Traversing  Survey,    .        ,  70 

58      42.  Finding  the  Meridian,         .        .  71 

43.  Plotting  and  Protracting,   .        .  74 

61      44.  Traversing  on  a  Small  Scale,       .  75 

45.  Plotting  by  Rectanpiilar  Co-ordi- 
68  nates  (or  North i  rijjs,  Southings, 

Eastings,  and  Westings),        .  76 

66  I    46.  The  Plaue-Table,        ...  77 


S3.  SammaryofTri|^nometricalFor- 

mnlffi  useful  m  Surveying, 
&4.  Structure  of  the  Theodolite, 
do.  Adjustments  of  the  Theodolite,  . 

36.  Measuring  Horizontal  Angles  by 

the  Theodolite, 

37.  The  Sextant  and  other  Reflectmg 

Instruments, 
3&  Use  of  the  Sextant— Reduction 
of  Angles  to  a  Horizontal  Plane, 


Chaptbr  IV. — Of  LKVBLLiiro. 

47.  Setting-out  a  Line  of  Section,     .  80 

4a  Structure  of  the  Spirit-Level,      .  80 

49.  The  Levelling  Staff;    ...  82 

50.  Adjustments  of  the  Level,  .        .  83 
61.  Use  of  the  Level,        ...  85 

52.  Corrections  for   Cunratore    and 

Befraction 87 

53.  Level  Field-Book,      ...  89 

54.  Plotting  a  Section,     ...  90 


55.  Levelling  by   the    Theodolite — 
Altitudes  and  Depressions,      .  90 

56.  Levelling  by  the  Plane-Table,      .  91 

57.  Levelline  by  the  Barometer — ^by 
the  Thermometer,           .        .  91 

58.  Detached  Levels — Features  of  the 
Countrr,        ....  93 

59.  Contour-Lines— Hill-shading,     .  95 

60.  Cross-Sections,  ....  97 
6L  Water-Level,      .        .        .        .98 


Vlll 


COITTEMTS. 


Chaptbb  v.— Of  Settino-out. 


Art  Fftge 

Gi.  Banfdng  Straight  Lines— Transit 

Instnunenti,  .        .        .99 

68.  KaDging  Oonres  (see  Art  484),     101 

64.  Nickmg-out,      .  .110 

65.  PerQianent  Marks  of  the  Line  and 

Levels 110 

66.  Working  Section  and  Level-Book,  111 


71.  limitation  of  the  Subject — Land- 

marks, ....  117 

72.  Datum  and  Bench    Marks   for 

Levels,  ....  117 

78.  Tide-Gau|;es,     .        .        .        .118 

74.  Determining   Stations    Afloat — 

Stetion-Pomter,     .        .        .119 

75.  Soundings  and  Levels,        .        .121 


Art  Page 

67.  Setting-out  Slopes  and  Breadths 
of  Land— Land-Plans,    .        .  113 

68.  Permanent  Marks   of  Sites  of 
Works, lis 

69.  Setting-out  Levels  of  Excavations 
—Boning,      ....  113 

70.  Setting-out  Tunnels,  .        .       .114 

Ghaftkr  VI. — Or  Mabdib  Survbtiko  for  Enoinbbrino  Purposks. 

76.  Reduction  of  Soundings.     .        .  123 

77.  Lines  of  equal  Depth — ^High  and 
Low- Water-Mark,  .        .  123 

78.  Currents— Waves,      .        .        .  124 

79.  Miscellaneous     Information    on 
Plan, 124 

30.  Taking  Altitudes  by  the  Sextant 

—Dip  of  the  Horizon,    .        .  124 

Ghaftbr  VII. — Of  Coptino,  Enlargovo,  and  Rbducing  Plajis. 


81.  Tradnif— Pricking  Through,       .  125 

82.  Engraving,  Lithographing,    and 

Printmg,        .  .        .126 

33.  Reducing  Drawings  by  Hand,     .  126 


84.  Reducing  Drawings  by  Mechsnism,  126 

85.  Enlar^g  Plans,        .        .        .128 

86.  Reducing    Drawings    by  Photo- 

graphy, .        .        .        .128 


SuppUmtni  to  Chapter  III. 


86  a.  Reduction   of  Angles  to   the 

Centre  of  the  Station,  .  .  128 
86  B.  Astronomical  Refraction,  .  129 
86  c.  To  find  the  Latitude  of  a  Place,  129 


$  D.  List  of  Authorities  on  Engineer- 
ing Geodesv,  and  Subjects  con- 
nected witn  it,        .        .       .  180 
(See  Addenda,  p.  xvi.) 


PART  XL— OF  MATERIALS  AND  STRUCTURES. 
Craptbr  I.— Summary  of  Prirciplbs  of  STABiiiiTY  and  Stbbvotr. 


Sbctiom  l,—Of  8truc1vir€M  in  General 

87.  Structures  Defined,    .        .        .131 
87  A.  Pieces  —  Joints  —  Supports — 

Foundations,         .        .        .131 

88.  Conditions  of  Equilibrium  of  a 

Structure,       .        .        .        .132 

89.  Stability,  Strength,  and  Stiffiiess,  182 

Section  II — Summary  of  Principles  of 
the  Balance  of  Single  Forces  and 
Couples, 

90.  Balanced  Forces  Defined,    .        .  133 

91.  Standard  Unit  of  Weight,  .        .  134 

92.  Resultant  and  Balance  of  Forces 

Acting  in  One  Straight  Line,  .  135 

93.  Resultant  of  Two,  and  Balance  of 

Three  Inclined  Forces,    .       .  135 

94.  Resolution  of  a  Force,        .       .  137 

95.  Resultant  of  any  number  of  In- 

clined Forces,  Acting  through 
one  Point 138 


96.  Resultant  andBalanoe  of  Couples,  189 

97.  ResultantandBalanoeof Parallel 

Forces,  .        .        .140 

98.  Centre  of  Parallel  Forces,  .  144 

99.  Resultant  and  Balance  of  any  Sys- 

tem of  Forces  in  One  Plane,   .  145 

100.  Resultant  and  Balance  of  any 

System  of  Forces,  .  .146 

101.  Parallel  Projections    or  Trans- 

formations in  Statics,     .        .  149 

Sbction  III Of  Distributed  Forces. 

102.  Distributed  Forces  in  General,  .  150 

103.  Weight  —  Specific    Gravity  — 

Heaviness,      ....  151 

104.  Centre  of  Gravity,  how  Found,  152 

105.  Examples  of  Weighto  &  Centres 

of  Gravity,     ....  166 

106.  Stress— its  Intensity,  Resultant 

Centre,  and  Moment,      .        .  161 

107.  Pressure  and  Balance  of  Fluids 

^  Principles  of  Hydrostatics, .  164 


00KTEKT8. 


IX 


&EC1.111.— Of  PuCriftvlttI  Foroes— cone 

Art.  F««e 

10&  Gompoand  Intenud    Stnn  of 

Sdfids, 166 

109.  PanlleLPTOjectunof  Distributed 

Toroat,  .        .        .        .170 

110.  Friction,  .       .       .171 

Sbcrov  IY.— Bobfux  and  SiabiUhf  of 
Framoy  Chams,  B&§,  and  Bloekt. 

FrameBjenenlly  Described,     .  173 
Single  Bap— Ti^-St^lt— SUys 


IIL 
112. 

113. 
114. 
115. 
116. 
117. 
118. 

119. 
120. 
12L 

122. 

123. 

124. 

125. 

126. 

127. 
128. 
129. 

130. 

131. 
132. 

188. 
134. 

135. 

186. 

187. 

138. 

189. 

14a 
141. 


-—Beam, 
Distnbated  Loads,    . 
Frames  of  two  Ban, 
TriangaUr  Frames,  . 
Polygonal  Frame,     • 
Opea  PoWgonal  Frame,     . 
PoWgonal  Frame— Stability— 

Fonicnlar  Pofygon, 
Bracing  of  Frames,  • 

Tmas, 

Seoondazy  and  Compooad  Ti 


178 
175 
176 
177 
178 
179 

180 
181 
183 

184 


of  a  Frame  at  a  Sec- 
tion,     .       .       .       .        .  184 

Balance  of  a  Chain  or  Cord  in 
General— Cmre  of  Eqailibrinm,  185 

To  Draw  a  Cnrye  of  ,£qaili- 
bnom,    .        .        •        •        .  187 

Chain  under  Uniform  Vertical 
Load— Sospenaiod  Bridge  with 
Vertical  Bods,        .        .        .188 

Sospenaion  Bridge  with  Sloping 
Bods, 191 

Defiecdon  of  a  Flexible  Tie,      .  194 

Catenary,  .      *.        .195 

Centre  of  Gravity  of  a  Flexible 
Stmctnre,       .  .199 

TraosformatioQ  of  Frames  and 
Chains,  .  .        .199 

Transformed  Catenary,  .  200 

linear  Arches  or  Bibs  in  General 
—Their  Traasfonnation,         .  20? 

CSrcnlar  Rib  for  Fluid  Pressnre,  203 

Elliptical  Bibs  for  Unifonn  Pres- 
sures,      204 

Distorted  Elliptic  Rib,      .        .  206 

Bibs  for  Normal  Pressure— Hy- 
drostatic Arch,  .       .208 

Transformed  Hydrostatic,  or 
Geoetatic  Arch,  .212 

linear  Arched  Bibs  of  any 
Figore,  .       .       .       .213 

Pcnnted  RilH-Thrast— Point  and 
Angle  of  Rapture,  .        .  218 

StabiUtyofBtoGks,  .       .218 

Transformation  of  Blockwork 
Stmctnres,     •       .       .       .  220 


SicnoH  V.-(yi*e  atrtitgA^Mm' 

fiakim  GmeraL 

Art  ,    „    .    '^^ 

142.  Strain,  Stress,  Strength,  Work- 

ing Load,  Strain,  and  Fracture 
Cbssed,         .       «        .        .  221 

143.  Factors  of  Safety,     .        .        .222 

144.  Proof  or  Testing,       .        .        .223 

145.  Co-efiicienU     or     Moduli     of 

Strength,  .        .        .224 

146.  Stiflheasor  Ripiditv— Pliability 

—Their  Moduli  or  Co-efficients,  224 

147.  Elasticity  of  a  Solid,         .        .  225 

148.  Besilieiice  or  Sprin^%         .        .  22d 

149.  Besistaoce  of  Bars  to  Stretching 

and  Tearinjr,  .        .        .  226 

150.  CvHndricAl  Boilers  and  Pipes,  .  227 

151.  Spherical  Shells,       .        .        .  228 

152.  Thick  Hollow  Cylinder,     .        .  228 

153.  Thick  Hollow  Sphere,       .        .  2211 

154.  Lateral  Phabilitr,      .        .        .  229 

155.  Heights  of  Moduli  of  Stiifness 

and  Strth^th,         .        .        .230 

156.  Besistanoe  to  Shearing  and  Dis- 

tortion, .        .        .        .231 

157.  Besifitance  to  Compression  and 

Direi't  Cnishing,    .        .        .  232 
158b  Crubliing  by    Cross-breaking— 

Long  PiUars,  .        .        .236 

159.  Besistanoe  to  Collapsing,  .        .  238 

160.  Action  of  a  Transverse  Load  on 

a  Beam,  .        .        .        .239 

16L  Examples  of  the  Action  of  a 
Transverse  I>oad  on  a  Beam^ 
Shearing  Stress  and  Beading 
Moment,        .        .        .        .244 

162.  Resistance  of  Beams  to  Cross- 

breaking,        .        .        .        .249 

163.  Examples  of  Moments  of  Re- 

sistance,        ....  254 

164.  Cross-section  of  Equal  Strength,  250 

165.  Longitudinal  Sections  of  equal 

strength,        .        .        .        .259 

166.  Modulus  of   Ruptiure  of  Cast 

Iron  Beams,  .  .261 

167.  Allowance  for  Weight  of  Beam — 

Limiting  Length  of  Beam,       .  261 

168.  Distribution  of  Shearing  Stretis 

in  Beams,       ....  266 

169.  Detlection  of  Beams,  .        .268 

170.  Proportion  of  the  Greatest  Depth 

of  a  Beam  to  the  Span,  .        .  275 

171.  Summary  of  the  Process  of  De- 

signing a  Beam,      .        .        .  276 

172.  Suddenly-applied  Load— Swiftly- 

rolling  Load,  .        .        .278 

173.  Resilience  or  Spring  of  a  Beam,  278 

174.  Effect  of  Twistmg  on  a  Beam,  .  280 

175.  Expansion  and  Contraction  of 

Beams, 281 

176.  Beam  Fixed  at  both  Ends,        .  282 


CONTENTS. 


Section  V,-^  Of  the  Strength  of  Mate- 
rials in  General^oontinued. 

Art  Page 

177.  Beam   Fised  at  One  End,  Sup- 

ported at  Both,      .        .        .287 

178.  Beams    Imperfectly   Fixed   at 

the  Ends — Gontinaoua  Gird- 
ers,         287 

Ghaptsr  II.— < 
SKCnoN  I. — Stability  of  Earth  in 
General 

181.  General  Princinles — Adhesion — 

Friction  —  Natural    Slope  — 
Heaviness,      ....  315 

182.  Sides  of  Kock-Cuttings,    .        .  817 

183.  Theory  of  the  Stahility  and  Pres- 

sure of  Loose  Eartli,       .        .818 

Section  II. — Mensuration  qf  Earth- 
work. 

184.  Calculation    of  Half-Breadths 

and  Areas  of  Land,        .       .  824 

185.  Calculation  of  Sectional  Areas,  827 

186.  Calculation    of    Volumes,     or 

Quantities  of  Earthworks,       .  829 

Sectioh  IIL^  Of  the  Execution  of 
Earthwork. 

187.  Bonnes  and  Trial  Shafts,         .  831 

188.  Equalizing  Earthwork,      .        .  833 

189.  Temporary  Fencing — Post  and 

Bail— Catchwater  Drain,        .  833 


Art  Page 

179.  Rafter  or  Sloping  Beam,  with 
auAhutment,         .        .        .  292 

179  A.  To  Deduce  the  Greatest  Stress 

in  a  Beam  from  the  Deflection,  296 

180.  Strenffth  and  Stiffiiess  of  an 
Arched  Bib  under  Vertical 
Loads  (see  also  Articles  874 
and  880),       .        .        .        .296 

■Op  Earthwork. 

19L  Stripping  the  Soil,    .        .        .835 

192.  General  Operations  of  Cut- 
ting,        335 

193.  Draining  the  Base  and  Slopes,  .  335 

194.  Labour  of  Cutting,    .        .        .336 

195.  Benches, 339 

196.  Prevention  of  Slips,  .        .        .839 

197.  Settlement  of  Embankments,    .339 

198.  Distribution  of  Earthwork,        .  340 

199.  General  Operations  of  Embank- 
ing,         340 

200.  Embankments  on  Sidelong 
Ground,  .  .341 

201.  Embankments  over  and  near 
Masonry,        .        .        .        .341 

202.  Drainage  of  Embankments,       .  342 

203.  Embankment  in  a  great  Plun,    342 

204.  Embankment  on  Soft  Groimd,  842 

205.  Dressing,  Soiling,  and  Pitching 
Slopes,  .        .        .        .344 

206.  Clay  Puddle,    .        .        .        .344 

207.  Qnarryin^  and  Blasting  Bock — 
Table  of  Ueavmess,        .        .  344 


Chapter  IIL — Of  Masosrt. 


Section  1.^0f  Natural  Stones. 

208.  Structural  Characters  of  Stones,  849 

209.  Chemical  Constituents  of  Stones,  351 

210.  Predominant  Minerals  in  Stones,  858 

211.  Stones  Classed,         .        .        .855 

212.  Siliceous  Stones,       .        .        .855 

213.  Argillaceous  Stones, .        .        .858 

214.  Calcareous  Stones,    .        .        •  859 

215.  Strength  of  Stones,  .        .        .860 

216.  Testing  Durability  of  Stones,    .861 

217.  Preservation  of  Stone,       .        .  8^2 

218.  Expansion  of  Stone  by  Heat,     .  368 

SEcnoN  ll.'-Cf  Artificial  Stones. 

219.  Clay  for  Bricks,       .        .       .863 

220.  Bricks, 365 

221.  Compressed  Bricks,  .        .        .  367 

222.  Other  Artifidal  Stones,     .        .  867 

Sectiom  III. — Of  Cementing  MaUriaU. 
228.  Analysis  of  limestones  and  Ce- 
ment Stones,  .        •        .  367 

224.  Pare,  Rich,  or  Fat  Lime,  .       .  369 

225.  Hydraulic  limes,     .  .  870 


226.  Natural  Cement,       .        .        .371 

227.  Artificial  Cement,     .        .        .372 

228.  Puzzobnas^Mine-dust,    .        .  872 

229.  Mortar,  Common  and  Hydraulic,  872 

230.  Concrete— Beton,     .        .        .  873 

231.  Mixed  Cement.         .        .        .874 

232.  Strength   of  Mortar,  Cement, 

Concrete,  and  Beton,      .        .  374 
238.  Gypsum— Plaster  of  Paris,        .  375 
284.  Bituminous  Cement  or  Mastic — 
Asphalt  —  Bituminous    Con- 
crete,      876 

SEcrioir  IV. — Of  Ordinary  Foundations. 

235.  Ordinary  Foundations  Defined 

and  Classed,  .        .        .  877 

236.  Rock  Foundations,    .        .        .  377 

237.  Theoiy  of  Resistance  of  Earth 

Foundations,  .        .       .  379 

238.  Foundations  in  Firm  Earth,      .  380 

239.  Foundations  in  Soft  Earth,       .  381 

Section  V. — Construction  qf  Stone- 
Masonry. 

240.  General  Principles,    .       .       .882 


COyHEKTB. 


Sficnos  v.— Coaifriicfioa  ofStam- 

Maaemif^eaiUmmed. 

Art.  Piice 

24L  Haflonrr  GUned,      .  .383 

242.  Ashkr^aaonr^,       .        .        .  3S4 

243.  Block-m-Courw  Maaoniy,         .  386 

244.  Coiuwd  Rabble  Masonry,  .  386 

245.  Common  Rabble  Maaonrf,        .  887 

246.  Aahlw     and     Block-in-Course 

backed  with  Rabble,        .        .887 

247.  String  Coorses  and  Copes,         .  388 

248.  Pointing,  .  .  .  .8x9 
2  J9.  DiT  Stone  Walla,      .  .889 

250.  LaSonrofStone-Haaonry,         .  389 

251.  Mechanism    for   moving   large 

Stones, 890 

252.  Inatraments  used  in  Boilding,  .  391 

253.  Mensoration  of  Masonry,  .        .  892 

SEcncm  YL-^CoHttnietiono/Bnckwork. 

254.  Genoral  Principles,   .        .        .393 

255.  Bond  in  Brickwork,  .        .        .894 

256.  Hoop  Iron  Bond,      .        .        .895 

257.  P.nnting  Joints,        .        .        .895 

258.  FonndAtion  Coones,  .  895 

259.  String  Coorses  and  Copes,  .  895 
2^0.  Brickwork  with  Stone  Quoins,  .  895 
26L  Labonr  of  Brickwork,  .  .  395 
262.  Mensuration  of  Brickwoik,        .  896 

SEcnoM  TI  L—QfBuUresMi  tmd  Bdatn- 

wffWalls, 
363.  StalHlity  of  Blocks  of  Masonry 

and  Brickwork  in  General,     .  896 
264.  Stability   of   a    Vertical-faced 

Buttress  with  Horisootel  Beds,  899 
265w  Stability  of  Retaining  or  RevSte- 

ment  Walls  in  General,  .        .  401 

266.  Stability  of  Upright  Rectangnlar 

Retaining  Walls,     .        .        .404 

267.  Stability  of  Battering-fiioed  Re- 

taining Walls,        .        .        .  405 

268.  Stability  of  Battering  WaDs  of 

Vniform  Thickness,       .        .  406 

269.  Counterforts,    .        .        .        .407 

270.  Smdiarged  Retaining  Wall,      .  408 


Alt  Pure 

271.  Construction  of  Ret  lining  Walls,  4<»9 

272.  Land-Tics  for  Retaininj;  Walls,    410 

273.  Stmts  for  Ret  lining  WdUs,       .411 

274.  Relieving  Arrhe^      .  .412 

275.  Buttressed  Horizontal  Arclies,  .  412 

Sectiob  \Uh—OfS(oM  and  Brick 
Arches* 

276.  General  Structure  of  Arches  of 

Stone, 418 

277.  Masonry  of  Arches— Backing— 

Coating,  ....  414 

278.  Brick  Anhcs,  .        .        .        .415 

279.  lae  of  Centres— (See  Art.  849)  415 

280.  Line  of  Preosures  in  an  Arch — 

Condition  of  Stability,     .        .416 

281.  Relation  between  Linear  Rib  and 

Intrados  of  Real  Arch,     .         .  417 

282.  Use  of  Transformed  Catenarian, 

or  Kouilibrat«"d  Arrhen,  .        .  418 

283.  Use  (it  the  Hydrostatic  Arch— 

Semi-elliptic  Arches,       .        .  419 

284.  Use  of  the  (ieostatic  Arch,         .  4'.'0 

285.  Stability  of  nny  Proposeil  Arch,  421 

286.  Circular  Arcli,'not  less  thau  a 

Quadrant,      .        .        .        .422 

287.  StabUity  of  Unloaded  Part  of 

Arch-Ring 424 

288.  Circular  Arch  less  than  Quadrant,  425 

289.  Tie-Walls,         ....  425 

290.  Depth  of  Keystone,  .        .        .425 

291.  Abutments—  Radiating  Courses,  427 

292.  Vertical  Abntmcnts, .        .        .  428 
298.  Piers  of  Arches,         .        .        .428 

294.  Ribbed  Arches,  Abutments  and 

Piers, 429 

295.  Skew  Arches,   .        .        .        .429 

296.  Ribbed  Sltew  Arches,         .        .  432 

297.  Strength  of   Stone  and    Brick 

Arches,  .        .        .        .432 

297  A.  Underground  Arches,  Tunnels, 

Culverts,         .        .        .        .433 

298.  Table  for  Calculating  Co-ordi- 

nates of  Catenarian  Curves,    .  435 

298  A,  List  of  Authorities  on  Masonry,  436 


Chaftxr  IV.— Of  Caepejitrt. 


Sbction  L-^O/ Timber. 

299.  Structure  of  Tmibcr,         .        .487 

300.  Umber-Trees     Classed  —  FiP- 

wood.  Hardwood,   .        .        .439 

301.  Appearance  of  Good  Timber,     .  441 

302.  Examples    of  Firwood,— Pine, 

Fir,  Larch,  Cowrie,  Cedar,  &a,  442 

303.  Examples  of  Hardwood,— Oak, 

Beecn,  Alder,  Plane,  Srcamore,  448 
304  Hardwood  oootinned—CnestDat, 

Ash,  EhBy      .       •       .       .444 


805.  Hardwood    continned  —  Maho- 

§any.  Teak,  Greenhcart,  Mora, 
:c, 445 

806.  Hardwood      continued  —  Iron- 

bark,  Blne-Gnm,  Jarrah,  &c, .  446 

807.  Influence  of  Soil  and  Climate  on 

Timbers,         .  .446 

808.  Age    end    Season    for   Felling 

Timber— Souarine,         .        .  447 

809.  Seasonmg— liatund  and  Arti- 

ficial  447 

810.  Durability  and  Decay  of  Timber,  449 


xu 


CONTENTS. 


SBonoN  I — 0/ Timher^^eaniitutetL 

Art  pa«e 

811.  Preservation  of  Timber,    .       .  460 

812.  Strength  of  Timber,  .        .450 
312  A.  GoniparatiYe  Yaloe  of  Timber,  453 

SEcnoa  11.^  Of  Joints  and  FasUningt 
in  Carpentry. 

813.  Classification  and  General  Prin- 

ciples,     453 

314.  Lengthening    Ties  —  Fishmg— 

Scarfing,         .        .        .        ,454 

315.  Lengthening  Stmts,         .        .  456 
816.  Lengthening  Beams,         .        .  456 

317.  Notching  Beams,      .        .        .456 

318.  Mortising    Beams^-Shooldered 

Tenon, 466 

319.  Post  and  Beam  Joints,      .        .457 

320.  Strut-and-Tie  Joints,       .        .  458 

321.  Suspending-Pieces,   .        .       •.  459 
822.  Treenails,         .        .        .        .469 

323.  NaUs, 460 

324.  Screws 461 

325.  Bolts, 461 

326.  Lron  Straps,     .       .        .       .461 

327.  Stirmps,  ,        .       .        .462 

828.  Tie-Rods,  .       .        .        .462 

829.  Iron  Sockets,    .        .        .        .462 

830.  Protection  of  Iron  Fastenings,  .  462 


Section  IIL— Q^  TinAtr-BaU  Beam 

andRibi. 
Art.  Page 

881.  Joggled    and    Indented    Built 

Beams, 463 

332.  Bent  Ribs,  .  .  .  .464 
883.  Bmlt  Ribs,        .        .        .        .464 

834.  Laminated  Ribs,       .        .        .466 

Section  lY,— Of  Timber  Frames  and 
Trusses. 

835.  General  Remarks  on  the  Stabi- 

lity and  Strength  of  Timber 
Framing,        ....  465 
336.  Platforms 466 

837.  Rooft— Covering  and  Load,       .  468 

838.  Rafters  and  Purlins— Diagonal 

Braces,  ....  469 

839.  Roof-Trusses,    .        .        .        .469 
340.  Strength  of  Tie-Beams,  Strut- 
Beams,  and  Bent  Struts,        .  474 

841.  Bridge-Trusses  and  Girders,  .  476 

842.  Compound  Bridge-Truss,  .  478 
348.  DiagonaUy-braced  Girder,  .  478 
344.  Lattice-work  Girder,  .  .  480 
346.  Timber  Arches,         .        .  .481 

346.  Timber  Spandrils,     .        .        .482 

347.  Timber  Bowstring  Girder,         .  483 

348.  Timber  Piere,  .  .  .483 
849.  Centres  for  Arches,  .  .  .486 
849a.  ResistanceofWoodto Twisting,  492 


Chapter  V.— Op  Metaluo  STHucruREs, 


SEcnoN  1.^0/ Iron. 

350.  Sources  and  Classes  of  Iron  in 

General,  .  .  .  ,  494 
361.  Impurities  of  Iron,  .  .  .  497 
852.  Cast  Iron— Kinds  and  Qualities,  498 
353.  Strength  of  Cast  Iron,  .  .  499 
864.  Castings  for  Works  of  Engin- 
eering, ....  502 
866.  Wrought  Iron,  .  .  .603 
866.  Steel  and  Steelj  Iron,  .  .  506 
857.  Strength  of  Wrought  Iron  and 

Steel  (see  also  pp.  XV.,  687,766),  609 
368.  Resilience  of  Iron  and  Steel,     .  518 

859.  Preservation  of  Iron,         .        .  614 

Sectiok  11.^0/ Iron  Fastenings., 

860.  Rivets, 515 

361.  Pins,  Keys,  and  Wedges,  .        .  616 

362.  Bolts  and  Screws,     .       .       .616 

Sbction  IIL- 


-O/Fron  Ties,  JSHruts,  and 
Beams. 

868.  Forms  of  Iron  Bars,  .        .  517 

864.  Iron  Ties,         .       .       ,       .618 
366.  Cast  Iron  Stmts  and  Pillars,    .  620 


366. 

367. 
368. 


870. 
371. 
872. 

373. 

374, 


876. 
876. 
877. 

378. 

879. 
880. 
881. 
882. 
388. 


Wrought  Iron  Struts  and  Pillars 
—Cells,         .        .       .        . 

Plain  Cast  Iron  Beams,    . 

Lengthened  and  Trussed  Cast 
Iron  Beams,   .... 

Plain  Wrought  Iron  Beams, 

Plate  and  Box  Beams, 

Great  Tubular  Girders,      . 

Erection  of  Iron  Girders — Con- 
tinuous Girders,     . 

Efiect  of  Wind  on  Tubular 
Girders,  .        .       .       . 

Plain  Arched  Iron  Bibs,    . 

Section  IV.— Q/*/ron  Frames. 
Iron  Platforms, 

Iron  Roofs,        .        .        .        . 
Iron-braced    Girders  —  General 

Design,  .... 

Iron-braced  Girders—Oonstruo- 

tion 

Iron  Bowstring  Girders,    . 
Braced  Iron  Arches, 

Iron  Piers 

Suspension  Bridges, 
Proportion  of  Weight  to  Load 

in  Iron  Bridges,     . 


521 
624 

525 
626 
627 
631 

.  534 

637 
638 


642 
646 

648 

660 
662 
665 
670 
578 

683 


COSTENTS. 


Xlll 


SEcnoii  Y.—Of  Vaiwmi  Mtiak  and 

Art.  Pice 

384.  Lead, 5»4 

386.  Zinc, 585 

386.  Tm—ABoji  of  Tm, .        .        .585 

387.  Copper, 585 


Art  Fi(« 

388.  Bronte, 6^5 

389.  Bran 58ff 

389  A.  Gold'Anriferoiu  Steely         .  687 
889  B.  AddeDdam  to  Article  357,  p. 

612  (Strength  of  Wrought  Iroo 
and  Steel),     .        .        .        .687 


Cmaptkb  VL—Of  Various  Undbbokouxd  amd  Submbbokd  Structures. 


Section  1.^0/  Tamnels, 

390.  Tunnels  in  GenersI,  .        .  688 

391.  Shafts  or  Pits,  .        .        .589 
^         392.  Drifts,  Mines,  or  Headings,       .  691 

893.  Tnnneis    in    Dry    and     Solid 

Rock. 595 

394.  Tanneb  in  Drr  Ftanired  Rock,    596 
39&  Tumels  in  Soft  Materials,         .  696 

396.  Tonnel-Fronts  and  Permanent 

Dninace,       ....  599 

397.  Tnnneis  m  Mild,       .       .       .699 

SEcnoa  IL-^Of  Timber,  Iron,  and  Sub- 
^  nurgid  FoandaHont, 

398.  General  Principles,  .        .       .601 

399.  Fonndatioos   on  Timber  Plat- 

fonns^ 601 


I  400.  FonndaHons  on  Iron  Platforms,  601 
'  401.  Short  Piles,  .  .  .  .602 
I  402.  Bearing  Piles,  .        .        •        .603 

403.  Screw  Piles,     .        .        .        .605 

404.  Sheet  Piles,      .        .        .        .605 

405.  Timber  and  Iron-cased  Concrete 

Fonndstions,  .        .        .  606 

406.  Iron  Tubnlar  Fonndatioos,        .  607 

407.  Foundations   made    by    Well- 

sinking,         .        .        •        .  610 

408.  Caissons,  .        .        .        .611 

409.  Dams  for  Foundations,      .        .611 

410.  £icayating  under  Water,  Dredg- 

ing, and  Blasting,  .        .        .  614 

411.  Divmg  Apparatus,    .        .        .616 

412.  Embanking  and  Bnilding  under 

Water, 617 


PART  III.— OF  COMBINED  STRUCTURES. 
Chapter  I.— Of  LniBS  of  Lavd-Carrxagb. 


SscmoH  L — CfLmei  of  Land-Carriage 
in  General, 

413.  General  Nature  of  Works— For- 

mation and  Permanent  Waj, .  619 

414.  Sele^on  of  line  and  Levels,    .  620 

415.  Ruling  Gradient,  .        .  622 

SscnoN  IL—Cf  Bowie. 

416.  Resistance  of  Vehicles  and  Rnl-' 

ing  Gradients,  .        .623 

417.  l-fjug  Out  and  Formation  of 

Roa&  in  General,  .        .  .624 

418.  Breadth  and  Cross-section,  .  625 

419.  Drainage  and  Fencing,      .  .  626 

420.  Broken  Stone  Roads,        .  .  626 

421.  Stone  Pairements.     .        .  .628 

422.  Footwajs  of  Roads,  .  .  630 

423.  Bituminous  or  Aspbaltie  Pave- 

ments,   630 

424.  Plank  Roads,    .        .        .        .631 

425.  Wooden  Pavements, .        .       .632 
425  A.  Cast  Iron  Pavementa, .       .  682 

Bmcraon  IIL — Qf  Thmvaye, 
42$.  Stone  Tramways,     .       .       .632 
427.  Iron  Trannr ays,        .       .       .632 


Skctioh.  lY.-^Of  HaSkoaye, 

428.  Resistsnce    of  Vehicles   on  a 

Level, 632 

429.  Proportion  of  Gross  to  Net  Load,  635 

430.  Tractive  Force,         .        .        .635 

431.  Ruling  Gradients,     .        .        .641 
431  A.  Action  of  Brakes^  .  644 

432.  Gradients  with  Auxiliary  Power,  645 
438.  Power  eierted  by  Locomotive 

Engines,        ....  645 

434.  Curves, 645 

435.  Laving  Out  and  Formation  of 

Railwajs  in  General,      .        .  656 
486.  Crcsnngs    and  Alterations   of 

other  Lines  of  Conveyance,     .  658 

437.  Ballast, 663 

438.  Sleepera, 664 

439.  Rails  and  Chairs,     .        .        .665 

440.  Bails  for   Level  Crossings   of 

Roads, 669 

441.  Junctions  and  Connections  of 

Lines  of  Rails,        .       .        .669 

442.  SUtions,  .        .        .        .671 
442  A.   Culverts    for    Pipes— Mile- 

Posts—Gradient-PoBts— Tele- 
graph,     671 


XIV 


CONTENTS. 


GnApTER  II.— Of  the  Collkctiox,  Conveyance,  and  Distribution  of  Water. 


Section  I,— Theory  of  the  Flow  of 
Water  J  or  <if  Hydraulics, 

Art  Paw 

448.  Pressure  of  Water,    .        .        .  672 

444.  Volume  and  Mean  Velocity  of 

Flow, 673 

445.  Greatest  and  Least  Velodties,  .  673 

446.  General    Principles    of  Steady 

Flow, 674 

447.  Friction  of  Water,     .        .        .677 

448.  Contraction  of  Stream  from  Ori- 

fice—Co-efficientsof  Discharge,  679 

449.  Discharge  from  Vertical  Orifices, 

Notches,  and  Sluices,     .        .  681 

450.  Computation  of  the  Discharge 

and  Diameters  of  Pipes,  .  684 

451.  Discharge  and   Dimensions   of 

Channels,       ....  686 

452.  Elevation  produced  by  a  Weir,  .  689 
463.  Backwater,       .        .        .        .689 

454.  Stream  of  Uneoual  Sections,     .  690 

455.  Time  of  Emptymg  a  Reservoir,  691 

Section  II,— -Of  the  Measurement  and 

Estimation  of  Water, 
466.  Sources  of  Water  in  General — 

Rain-fall,  Total  and  Available,  692 

457.  Measurement  and  Estimation  of 

the  Flow  of  Streams,      .        .  696 

458.  Ordinary  Flow  and  Floods.       .  698 

459.  Measurement  of  Flow  in  Pipes 

—Water  Meters,    .        .        .699 

Section  III. — Of  Store  Reservoirs, 

460.  Purposes  and  Capacity  of  Store 

RMervom},      ....  699 

461.  Reser>'oir-Sites,         .        .        .701 

462.  Land  Awash,    .        .        .        .702 

463.  Construction  of  Reservoir  Em- 

bankments,   ....  702 

464.  Appendages  of  Store  Reservoirs,  704 

465.  Reservoir  Walls,       .        .        .707 

466.  Lake  Reservoirs,       .        .        .707 

SEcnoN  IV,— Of  Natural  and  Artificial 
Water-Channels, 

467.  Surveying     and    Levelling    of 

Water-Channels,    .        .        .707 


Art  Page 

468.  Regime  or  Stability  of  a  Water- 

Channel,        .        .        .        .708 

469.  Protection  of  River-Banks,        .  710 

470.  Improvement  of  River-Chaiinels,  711 

471.  Diversions  of  River-Channels,   .  713 

472.  Weirs, 713 

473.  River  Bridges,  .        .        .         .717 

474.  Artificialwater-Channels — Con- 

duits,      718 

475.  Junctions  of  Water-Channels,    .  719 

476.  Aqueduct  Bridges,     .        .        .720 

477.  Water-Pipes 720 

478.  Pipe-Aqueducts,       .        .        .723 

Section  V. — Qf  Systems  of  Drainage, 

479.  General  Principles  as  to  Land 

Drainage,  .        .         .724 

480.  Questions  as  to  Improvement  of 

Drainaj^,       ....  724 

481.  Dischargmg  Capacity  of  Branch 

Drains,  .        .        .        .725 

482.  Action  of  Channels  and  Flooded 

Lands  as  Reservoirs,       .        .  726 

483.  River  Embankments,        .        .  726 

484.  Tidal  Drainage,        .        .        .727 

485.  Drainage  by  Pumping,      .        .  728 

486.  Town  Drainage,        .        .        .728 

487.  Sewers, 729 

488.  Pipe-Drains,     ....  729 

Section  YL-^Cf  Systems  of  Water 
Supply. 

489.  Irrigation,         .        .        .        .730 

490.  Water  Supply  of  Towns— Esti- 

mation   of   Demand    as    to 
Quantity,       .        .        .        .730 

491.  Estimation  of  Demand    as  to 

Head, 732 

492.  Compensation  Water,       .        .  732 

493.  Storage- Works,        .        .        .733 

494.  Springs, 734 

495.  River  Works— Pumping  Estab- 

lishment,       ....  734 

496.  Wells, 736 

497.  Purity  of  Water,       .        .        .736 

498.  Setthng  and  FUtration,     .        .  738 

499.  Distributing-Basins    or    Town 

Reservoirs,     ....  738 

500.  Distributing-Pipes,   .        .        .740 


Chapter  III.— Of  Works  of  Inland  Navigation. 


Section  l.^Of  Canals. 

501.  Canals    Classed— Selection    of 

Line, 742 

602.  Form  and  Dimensions  of  Water- 
way  742 

608.  Construction  of  Canal,      .       .  743 


504.  Canal  Aqueducts — Bridges  and 

Tunnels,  ....  744 
605.  Moveable  Bridges,  .  .  .745 
506.  Canal  Locks,  .  .  .  .746 
607.  Inclined  Planes,  and  lifts  on 

Canals,  .        .        .        .749 

508.  Water  Supply  of  Canals,  .       .  750 


OOKTENTS. 


XV 


Sscnos  IL^Of  River  NaoigatUm. 

Art.  Pajfe 

^^.  Open  Eirers,    .        .        .        .752 


Art  Pace 

610.  Canalized  Rivers,      ,        .        .  752 
61 L  MoTeable  Bridges  orer  Riven,  •  762 


Chapter  IV.— (>r  Tidal  ahd  Coaot  Worka 
Sectiox  L— 0/"  Wavn  and  Tides, 

^V2.  Motion  of  Ordinarj  Watca, 

513.  Tides  in  General, 
314.  Tidal  WaTes  in   a  Clear   and 
Deep  Channel, 


753 
756 


515.  rides  in  Short  Inlets  and  Bays, 

516.  Tides  in  Long  Inlets  and  Rifer- 

Channels.       .... 

i>17.  Action  of  Tides  on  Coasts  and 

Channels,       .        .        .        . 


Sbctios  IL^Of  CoattnDtft 
518.  Groins,     .... 


756 

767 

758 
759 

760 


519.  EATthcn  Dylcps  .  .  .760 

520.  Stone  BalwarlcA,  .  .  .  760 
621.  Brenic waters.  .  •  ,  .  762 
52lS.  RecUtming  Land,  .  .  .  763 

SKcnoM  IIL— 0/  Tidal  ChameU  tmd 
Earhown. 

523.  ImproTemcnt  of  Tidal  Channels 

and  Estiinries,        .        .        .  7G3 

524.  Sconring-Baains,       .        .        .  764 

625.  Quays, 765 

626.  Piers, 765 

627.  Deep- Water  Basins  and  Docks,  765 

628.  Lighthouses,     ....  766 


Addenda  to  Articles  280,  357,  and  521, 


766 


APPENDIX. 

Tables!.,  IL,  III.,  IV.  (Stren^  of  Materials), 7fj7 

Table  V.  TBritiah  and  French  Measures), \  ^j^ 

.,    VL  rUeaviness  and  Specific  Grarity), \  773 

„  VIL  (^oares  and  Fiftn  Powen  of  Nombers),   ....!*  776 

^">«» 777 


ADDENDUM 
To  AxncLB  357,  p.  509. 
Mean  resnlts  of  experimenta  by  W.  H.  Barlow,  Esq.,  F.R.S. : 


Paddled  steel,  specunen  L,  ... 
„  spedmen  IL,.... 

_       »»  "      > 

Cast  in  mgots,  / 

Paddled  steel,  specimen  HI., 

„  spedmen  IV., 

I  v.. 


Tenacity. 
Lb«.  on  the 
Square  Inch. 


95,233 

"6,336 
101,753 


Proof  StreoRth, 

Transversely  Loaded. 

Lbs.  00  the  Square 

Inch. 


62,500 


60.000 

63,750 

52,500 

Wdgfat  of  a  enbic  Ibot  of  pnddled  steel,  485-6  lbs.;  of  steely  iron  483*6 

Homogeoeons  metal,  100,994  57, 500 

Steely  iron, 69,456  52,500 

(See  the  Etiginter  of  3d  Janoary,  1862.) 


Modal  an  of 
Elasticity, 
under  Trans- 
rerae  Load. 
Lbn.  on  the 
Square  Inch. 

22,964,000 


20,544,000 
24,802,000 
22,846,400 
Ibe. 

23,833,600 
22,846,400 


ERRATA  AND  ADDENDA. 


Page   6»  in  the  table,  example  10,  last  column,  nuert  ^smallest  scale  prescribed  by 
law  for  land  or  contract  plans  in  Ireland.*' 
„      8,  line  12,  for  "  the  fiUing  np  details  "  read  "  filling  np  the  details." 
„    82,  line  10  from  bottom,  ybr  **  dwelling-honse  **  read  **  dwelling-hooses.'' 
„    47,  at  the  end  of  the  note,  «»«•<—"  In  surveys  of  newly  settled  districts,  where, 
it  is  impracticable  to  obtain  a  base  by  direct  measurement  with  sufficient  | 
precision,  a  base  may  be  measured  with  accuracy  sufficient  for  ordinal' j 
purposes  in  the  following  manner: — Choose  as  ends  of  the  base  two  elevated 
stations  which  can  be  seen  from  each  other,  as  nearly  as  possible  in  the 
same  meridian,  and,  if  possible,  60  or  60  miles  asunder;  find  their  latitudej 
(as  explained  in  Article  86  c,  p.  129);  also  find  the  true  meridian,  and 
the  azimuth  of  the  base,  from  the  mean  of  observations  mad^  at  each  of  the 
stations  (as  explained  in  Article  42,  p.  71) ;  compute,  by  equation  1  of  thu 
note,  the  length  m  of  a  minute  of  the  meridian  oorrespondmg  to  the  mean 
latitude;    then  length  of  bate  nearly  =  m  X  difbrenoe  of  laUtode  m 
minntes  X  secant  of  azimuth." 
„     64,  line  8,  for  **  silvered  **  read  "  ansilvered." 

„     92,  eqnaUon  2,/or  "  60,000  "  read  "  66,800,"  and  for  »» 1,000  "  read  **  900." 
„  137,  line  18,/or  "  49  "  read  "  94." 

„  163,  equation  2,  for  «•  fwsdx»  read  "  f 

„  167,  Une  1,/or  "  DOE »»  rtad  ♦« DOB.** 
„  196,  line  12,  /or  '^  "  reoi  *  V." 

m  m 

„  198,  line  11  from  bottom,/or  "  1824 '»  read  "  1826." 

„  211,  line  13  from  bottom, /or  "yj  -  ^jj^"  read  "yi  +  g^J  V* 

„  266,  Une  7, /or  ««4  A,"  wod  " 4  Ag." 

„  273,  equation  13  A,/or  "c*'  read  "c"." 

„  278,  line  4,/or  " squares "  read  "cubes.** 

4  k''  16  k^ 

„  804,  line  4,/or  "  Yf^^/i  •" 

„  306,  lines  1,  4,  and  7  from  bottom ;  p.  808,  line  10  ttom  bottom;  p.  809,  lines 

7,  11,  and  last;  p.  310,  lineB  4  and  6,/or  "y^"  read  ''^t-*" 

49  IS 

„  212,  line  9,/or"  II"  read  "j^.'' 

„  890,  line  10, /or  "broached"  read  « stroked." 
„  417,  last  line,yor  "  receive"  read  "  concdve." 
„  449,  line  2  from  bottom,/or  "  oak  "  read  "  ash." 
,     „  640,  line  14, /or  " beam"  read  «  rib." 
„  608,  Une  26, /or  "  D"  read  "  E." 


PART  L 

OP  ENGINEERING  GEODESY;  OR,  SURVEYING, 
LEVELLING,  AND  SETTING-OUT, 


CHAPTER  L 

GENERAL  EXPLAHATIONB. 


1.  BMnijlBg,  l<cvellfaiw»  «■<  WiiiiiMi  ■■!,  comprehend  the  principal 
oy>erations  of  Engineering  Greodeay :  the  object  of  aurveying  and 
levelling  b^ng  to  make  a  representation  on  paper  of  the  ground  on 
which  ^e  proposed  engineering  work  ia  to  be  executed ;  and  the 
object  of  setting-ont  being,  to  mark  upon  the  ground  the  situation 
of  the  proposed  work  preparatory  to  its  execution. 

The  term  "sorveying,"  when  used  in  a  comprehensive  sense, 
iu eludes  levelling;  but  in  a  restricted  sense,  8urvei/ing  is  u^ed  to 
denote  the  art  of  ascertaining  and  representing  the  form  of  the 
ground  and  the  relative  positions  of  objects  upon  it,  as  projected  on 
a  horizontal  snrface;  and  levdlingy  to  denote  the  art  of  ascertaining 
and  representing  the  relative  elevations  of  different  parts  of  the 
ground,  and  of  objects  upon  it 

2.  Plaa  umA  gccii— , — ^The  results  of  surveying,  laid  down  on 
paper  by  the  operations  of  "plotting"  and  drawing,  constitute  a  plan 
or  ground  plan;  those  of  levelling  are  usually  laid  down  in  the  form 
of  a  vertical  sectum,  called  more  briefly  a  section  (although  there  are 
other  ways  of  representing  them,  as  will  afterwards  be  explained). 

A  plan  is  a  miniature  representation  of  the  ground  and  the 
objects  upon  it,  and  of  the  proposed  engineering  work,  as  projected 
on  a  horizontal  sui^Mse,  that  surface  being  represented  by  the  sur- 
face of  the  paper  on  which  the  plan  is  drawn.  A  plan  differs  from 
a  map  chiefly  in  the  scale  on  which  it  is  drawn,  the  scale  of  a  plan 
being  large  enough  to  serve  for  the  designing  of  engineering  works, 
while  that  of  a  map  is  so  small  as  to  make  it  serviceable  for  the 
purposes  of  travelling  and  geography  only. 

A  vertical  section  shows  the  figure  of  a  certain  line  or  track  on 
the  natural  sar£Eioe  of  the  ground,  and  of  the  proposed  work  to  be 
executed  along  that  line,  and  sometimes  also  that  of  the  internal 
(strata^  as  projected  on  a  vertical  surEoce, — ^that  vertical  surface  being 
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represented  by  the  surface  of  the  paper  on  which  the  section  is  drawn. 
A  certain  straight  line  on  that  paper,  called  the  "datum-line" 
represents  a  fixed  horizontal  siirface  at  any  convenient  height  above 
or  depth  below  some  fixed  and  known  point,  called  the  "  dabwrn- 
poifU.^^  Lines  parallel  to  the  datum-line  represent  in  miniature, 
distances  measured  horizontally  along  the  Une  or  track  on  the 
earth's  surface  to  which  the  section  relates.  Lines  perpendicular 
to  the  datum-line  represent  in  miniature,  heights  above  or  depths 
below  the  datum  horizontal  sui&oe.  The  natural  surface  of  the 
ground,  and  the  proposed  work,  are  represented  by  lines,  straight, 
curved,  or  angular,  which  at  eadi  point  are  at  the  proper  vertical 
distance  from  the  datum-line. 

In  the  same  section  the  scale  for  horizontal  distances  and  the 
scale  for  heights  may  be  different,  if  convenience  requires  it,  as  will 
afterwards  be  more  fully  explained. 

3.  X  VLwkmmmtml  Smfliee  is  a  Surface  which  is  everywhere  perpen- 
dicular to  the  direction  of  the  force  of  gravity;  such  as  the  su^ace 
of  a  piece  of  still  water.  Its  true  figure  is  very  nearly  that  of  a 
spheroid.  For  a  horizontal  surface  at  the  mean  level  of  the  sea,  the 
dimensions  of  that  spheroid  are  as  follows,  according  to  recent 
calculations : — * 

Feet  Statute  MUeB. 

Polar  axis,  4i>7o7>324  =  7899*1 14. 

Equatorial  diameter,  4i>B47,i92=  7925*604 

DJjSerenee,  or  polar  flattening,  ...      139,868=     26*490 

The  portions  of  the  earth's  surface  represented  by  plans  for 
engineering  purposes  are  usually  so  small  compared  with  the  whole 
earth,  that  a  horizontal  sur&oe  i^y,  in  most  cases,  be  treated  as  if 
it  were  plane,  without  any  error  of  practical  importance.  In  those 
cases  in  which  it  is  necessary  to  take  the  earth's  curvature  intc> 
account,  the  ellipticity  or  polar  flattening  may  be  neglected,  and 
the  figure  of  a  hoxizontal  surface  may  be  treated  as  if  it  were  a 
sphere'  of  the  same  mecm  diameter  with  &e  spheroid  before  described ; 
that  is  to  say,  very  nearly 

41,778,000  feet  =  13,926,000  yards  =  7,912i  statute  miles. 

It  is  in  certain  calculations  only  that  the  earth's  curvature  re- 
quires to  be  taken  into  accoimt  for  engineering  purposes.  In  plans, 
a  flat  piece  of  paper,  and  in  vertical  sections,  a  straight  line,  repre- 
sent a  horizontal  surface  with  as  much  accuracy  as  is  practicable. 

4.  MeBMres  •f  iiengiii. — The  standard  measure  of  length  estab- 
lished by  law  in  Britain  is  the  yivrdy  being  the  distance,  at  the 
temperature  of  62°  of  Fahrenheit's  thermometer,  and  under  the 

•  Bessel,  quoted  by  Hencbd  {OutHnei  of  A^rtmom^y 
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mean  atmospheric  pEressorcs  beti;«ai  t;fo  markB  on  •  eertain  bar 
which  is  kept  in  the  office  of  the  Exdiequer,  at  Westminster. 

In  addition  to  the  2^rd,  the  Allowing  nnits  of  length  are  em- 
ployed for  purposes  of  trril  engineering  in  Britain : — 
The   iBcii,  one  thirty-sixth  part  of  the  standard  yard;  with 

Innaiy,  dednud,  or  daodedmal  sabdivisiona 
The  PMi,  one-third  part  of  the  standard  yard ;  with  decimal  or 

daodedmal  subdivisions. 
The  gaih—  of  twoyarda 
The  caata  of  66  feet  or  22  yanfe;  divided  into  four  ffoUa  of 

5i  yards,  and  100  linki  of  7*92  inchea 
The  mtmtmm  tmm  of  1,760  yards.  =>  5,280  feet  =  80  chains,  diridtnl 
into  SfiiHongs,    To  these  may  be  added,  in  eases  of  harbour 
engineenng^ 
The  if—iltBl  or  Sea  Kifa^  being  the  length  of  one  minute  of  a 
d^rae  of  latitode  at  the  mean  level  of  the  aea.     The  length  of 
thtt  mile  varies  in  diffefeat  latitudes,  from  about  6,107  feet 
at  the  poles  to  about  6,046  feet  at  the  equator,  its  mean  value 
being  nearij  6^076  feet,  or  1*1508  statute  mile.     A  value 
commonly  taken  for  the  nautical  mile  is  that  of  a  minute  of 
longitude  at  the  equator,  or  6086  44  feet  =  1  '1528  statute  mile. 
The  nautical  mile  is  sometimes  subdivided  into  10  caUes,  and 
IfiOOfaikoms;  the  £ekthom  thus  obtained  being;  on  an  average, 
about  ^th  longer  than  the  common  fathom. 
Amongst  obsolete  measures  of  distance  the  following  may  be 
mentioned,  as  they  occasionally  occur  in  old  plans : — 

The  Irish  Penh  of  7  yards^  being  greater  than  the  imperial  perch 

in  the  proportion  of  14  to  11. 
The  Irish  MUe  of  320  Irish  perches  =  2,240  yards  =  6,720  feet, 

bearing  to  the  statute  mile  the  same  proportion  of  14  to  11. 
The  Scottish  EU  of  37  06  imperial  inches. 
The  Scottish  FaU  of  6  ells,  or  18-53  imperial  feet 
The  Scottish  MUe  oi  1,920  ells  »  5929-6  feet 
Each  of  these  miles  is  divided,  like  the  statute  mile,  into  8  fur- 
longs, and  80  chains,  so  that  the  Irish,  Scottish,  and  imperial  mile, 
furlong,  and  chain,  bear  to  each  other  the  proportions — 

6720:5929-6:  5280 
::l-27:    1123: 1-000 

The  French  measures  of  length  are  all  decimal  multiples  and 
suhmultiples  of  the  metre,  which  is  approximately  one  ten-millionth 
part  of  the  distance  from  o&e  of  the  earth's  poles  to  the  equator. 
The  value  of  the  m^tre  in  British  measures  is 

3-2808992  feet,  or  39-37079  inches. 
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The  KiiMi«ire  of  1,000  m^tres^  or  3280-8992  British  feet,  is 

0-621383  of  a  statute  mile. 
For  further  information  of  the  same  kind,  see  the  Comparative 
Table  of  French  and  British  Measures  at  the  end  of  the  voluma 

5.  The  HeaHurM  •€  Area  used  in  British  civil  engineering  are — 
The  t^mmre  Inch. 

The  ft«aare  F«ot  of  144  Square  inches. 

The  ft«ii«re  Yard  of  9  square  feet 

The  Acre  of  10  sqiuire  chams,  or  100,000  square  linkSf  or  4,840 
sqiiare  ya/rds,  subdivided  either  decimally,  or  into  4  roods  of 
1,210  square  yards,  and  160  perches  of  30^  square  yards. 

The  s«aare  MUe  of  640  acres^  or  3,097,600  square  yards^  or 
27,878,400  square  feet 

The  Irish  acre,  subdivided  into  4  roods  and  160  perches,  and  the 
Scottish  acre,  subdivided  into  4  roods  and  1 60  falls,  bear  to  the 
imperial  acre  proportions  which  are  the  squares  of  the  propor- 
tions borne  by  the  Irish  and  Scottish  miles  respectively  to  the 
statute  mile;  that  is  to  say, 

Irish  acre  :  Imperial  acre  :  :  196  :  121 ; 
Also,  Irish  acre  :  Scottish  acre  :  Imperial  acre 
: :  1-6198      :       1-2612         :  1-0000  nearly. 

6.  The  ncasHvcs  af  Talame  used  in  British  civil  engineering  are — 
The  €bMc  lach. 

The  CbMc  Faot  of  1,728  cubic  inches. 
The  CbMo  Tar«  of  27  cubic  feet 

In  the  engineering  of  water-works,  the  OalloM  is  used  in  stating 
quantities  of  water.     Its  statutory  value  is  • 

277-274  cubic  inches,  or  0-16046  cubic  foot; 

but  it  is  convenient  in  calculation,  and  in  general  sufficiently  accu- 
rate for  purposes  of  water  supply,  to  use  the  approximate  values. 

One  gallon  ...  =0-16  cubic  foot,  nearly;  and 
One  cubic  foot  =    6^  gallons,  nearly. 

Other  special  measures  of  volume  are  employed  for  certain  kinds  of 
materiaJs  and  work ;  but  these  will  be  explained  further  on. 

7.  Scales  far  Plaaa. — The  scale  On  which  a  plan  is  drawn  means 
the  proportion  which  distances,  as  represented  on  the  plan,  bear  to 
the  corresponding  distances  on  the  gipund.  Amongst  continental 
Emropean  nations  it  is  customary  to  express  that  proportion  by 
means  of  a  fraction,  such  as  l-10,000th.  In  Britain,  it  is  customary 
to  refer  to  two  units  of  length,  a  short  unit  for  the  paper,  and  a 
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long  imit  for  the  grooncL  For  example — "nx  iwAet  to  one  miW^ 
expresses  the  scale  which,  according  to  the  continental  system, 
would  be  called  l-10,560tL  Amongst  continental  nations,  also,  the 
scales  most  commonlj  used  are  those  in  which  the  proportion  of  the 
dimesfliona  of  the  plan  to  those  of  the  groond  is  some  exact  decimal 
fraction,  such  as  l-10,000th  = -0001,  1.2,500th  = -0004,  l-500th- 
-002,  ^ ;  in  Britain,  the  ncales  most  commonlj  used  are  those  In 
which  a  distance  of  a  certain  number  of  miles,  chains,  or  feet  on  the 
ground  is  represented  by  a  distance  of  a  certain  number  of  inches, 
or  aliquot  parts  of  an  inch,  on  the  paper. 

Hie  magnitude  of  the  scale  which  is  best  suited  for  the  plan  of 
a  particular  survey  varies  according  to  the  minuteness  and  com- 
plexity of  the  objects  to  be  represented.  Thus,  a  larger  scale 
is  required  in  plans  of  towns  than  in  those  of  the  open  country ; 
and  the  smaller  and  more  intricate  the  buildings  and  the  divisiouK 
of  property  are,  the  larger  should  the  scale  be ;  and  a  plan  to  be 
uaeid  in  the  final  designing  and  setting-out  of  works  should  be  on  a 
larger  scale  than  one  to  be  used  for  the  selection  of  a  line  of  com- 
munication, and  for  preliminary  or  parliamentary  purposes. 

The  following  taUe  enimierates  some  of  the  scales  for  plans  moHt 
commonly  used  in  Britain,  together  with  a  statement  of  the 
purposes  to  which  they  are  best  adapted: — 


of  SeaJa 


Fraction  of 

real 
Dhnenalont. 


(1.)  liach  toamile^., 


{  (2.)  4  iDcbes  to  a  mile,.. 
'  (3.)  6  iiicfaes  xo  a  mUe,.* 


I      63,360 

I      1_ 

16,840 
1 


(4.)  6-336  incha  to  a  nrile,.., 


10,560 


1U,UOO 


Ufee. 


Scale  of  the  smaller  ordnance  maps  of 
Britain.  This  scale  is  well  adapted 
for  maps  to  be  used  in  exploring  the 
country. 

Smallest  scale  permitted  by  the  stand- 
ing orders  of  parliament  for  the  de- 
posited plans  of  proposed  works. 

Scale  of  the  larger  ordnance  map^  of ; 
Great  Britain  and  Ireland.     This 
scale,  being  Just  large  enough  to  ' 
show  buildings,   roads,   and    other  i 
important  objects  distinctly  in  their  ; 
true  forms  and  proportions,  and  at  \ 
the  same   time    small    enough   to  ' 
enable  the  eve  of  the  engineer  to  j 
embrace  the  plan  of  a  considerable  j 
extent  of  country  at  one  view,  is  on 
the  whole  the  best  adapted  for  the  ' 
selection  of  lines    for   engineering 
works,  and  for  parliamentary  pIaiK« 
and  preliminary  estimates. 

Decimal  scale  poBaessing  the  same  ad- 
vantages. I 
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Ordlnuy  Dolgnuion 
of  Scale. 

Fraction  of 

real 
Dimenstona. 

(5.)  400  feet  to  an  ineh....... 

1 
4,800 

(6.)  6  chftlns  to  an  indi, 

1 
4,762 

(7.}16-8iincheBtoamile.... 

1 
4,000 

(8.)  6  chains  to  an  inch,  or> 
16  inches  to  a  mflc,) 

1 
8,960 

(9.)  25-844  inches  to  a  mile, 

1 
2,500 

(10.)  200  feet  to  an  inch, 

1 
2,400 

(11.)  8  chains  to  an  inch, 

1 
2,876 

(12.)  100  1^  to  an  inch, 

1 
1,200 

(18.)  88  feet  to  an  inch,  or^ 
60  inches  to  a  mile,) 

1 
1,056 

(14.)  68*36  behes  to  a  mile,.. 

1 
1,000 

(16.)  44  feet  to  an  inch,  or) 
120bche8toamile,> 

1 

528 

(16.)  126-72  inches  toamfle, 

1 
500 

(17.)  80  feet  to  an  inch, 

1 
860 

(18.)  20  feet  to  an  inch,^ 

1 
240 

(19.)  10  feet  to  an  hich, 

1 
120 

Cse^ 


Smallest  scale  peimittad  by  the  stand- 
ing  orden  of  parliament  fbr  *^en<> 
lai^ged  plans**  of  buildings  and  of 
lind  within  the  eartilage  of  baildings. 

Scale  answering  the  same  pwpose. 


Scales  wen  salted  for  the  woridng 
snnrejrs  and  land  plans  of  great 
engineerbg  works,  and  for  en- 
larged parliamentary  plan& 

(Scale  8  is  that  prescribed  in  the  stand- 
ing orders  of  parliament  for  **  oroes 
sections  **  of  proposed  rail  wajrs^  show- 
ing alterations  of  roads.) 

Scale  of  plans  of  part  of  the  ordnance 
survey  of  Britain,  from  which  the 
maps  before  mentioDed  ars  redooed. 
Well  adapted  for  land  plans  of  en- 
gineering works  and  plans  of  estates. 

Scalu  suited  for  similar  purposes. 


Scaleof  the  Tithe  CommissionerB'  plans. 

Salted  for  the  same  purposes  as  the 

above. 
Scale  suited  for  plans  of  towns,  when 

not  very  intricate. 

Scale  of  ordnance  plans  of  the  less  in- 
tricately built  towns. 

Decimal  scale  having  the  same  pro- 
perties. 

Scale  of  ordnance  plans  of  the  more 
intricately  bailt  towns. 

Decimal  scale  having  the  same  pro- 
perties. 


,  Scales  for  special  purposes. 


acMJS  v^^  BBcn< 
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8.  flcain  te  iwji— fc  Exeept  in  a  few  caaes  of  num  oocorrenoe, 
tbe  toojs  ybr  ^oriamtol  digi4m^oem  on  a  section  ihoiild  be  the  aune 
witb  the  scab  of  the  plan  witib  ^which  it  comeponds.  One  of  the 
exoeptions  ia  that  of  tbe  parlmmentaiy  section  of  a  road  upon 
the  Jeirel  or  poolaoii  ol  irbi^  it  ia  intended  to  make  an  alteration 
for  the  purpose  of  carrying  a  railway  across  it,  whether  over 
or  under;  in  thia  cuk,  the  boriacmtal  scale  of  the  section,  as  pre- 
scribed by  the  stsading  orders,  is  to  be  Jwe  chaina  to  an  inch  (see 
No.  8  in  tbe  table  of  the  last  article).  The  plan  may  be  on  the 
suae  scale,  but  not  neoeaBarily  ao;  in  &ct^  its  scale  in  general  is 
orach  saallar. 

The  verticcd  $oaU,  or  sea^  /or  kmght$y  ib  almoet  always  mnch 
greater  than  the  horizontal  scale,  because  the  differences  of  elevation 
between  points  on  the  ground  are  in  general  much  amaller  than 
their  diistonoes  apart^  and  require  to  be  represented  on  a  greater 
scale  Ml  paper,  in  order  that  they  may  be  equally  conspicuous  to  the 
eye;  and  also,  because  in  the  execution  of  engineering  works, 
soeuraqy  in  levels  is  of  more  importance  than  accuracy  in  horuontal 
position^  and  vertical  heights  should  be  represented  with  greater 
precision  than  horizontal  distanoea  The  proportion  in  which  the 
vertical  scale  is  greater  than  the  horizontal  scale  is  called  the 
9xa^^mxUion  of  the  scale.    The  following  table  gives  some  examples : 


or  Vertical 


DiwIgMrinii 

icalScala. 


(giOOftettoaaaicb, 
(1)40  feet  to  an  inch, 

(3.;  30  Art  to  an  loch, 

(4)  20  feet  to  an  inch, 

I 


ofrMl 


Horiiontal  Scales 

witbYhlehttM 

Vertteal  Sesle  ie 

vnaSJj  oomblned. 


1,200 


1 
480 


1 

860 

1 

240 

Ae. 


JL.to_L 


15,840      10,560 


4,800        8,960 


1 

to 

1 

8,960 

2,876 

1 

to 

1 

gentian 


18*2  to  8-8 


10  to  8-25 


Uae. 


mined  by  the 
■ta&diDg  Mdera 
of  psriluiMnt  lor 
aectkMis  ef  pnH 
poeed  works. 
SmaUeet  scale  per- 
mitted    by     tlM 


8,960        2,876 


11  to  6-6    ] 

16-6  to  9-9 
Sec 


of  psriiament  for 
cross  sections, 
showing  altera- 
tloDs  of  roads. 


Scales  soiUble  for 
woikiDg  sections. 
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Vertical  sections  wiihcnU  exaggeration,  showing  the  horizontal 
and  vertical  dimensions  of  the  ground  in  their  real  proportions  to 
each  other,  are  required  at  the  sites  of  proposed  large  works  in 
masonry,  timber,  and  iron,  such  as  viaducts.  These  sections  are 
in  general  drawn  on  a  larger  scale  than  the  vertical  scale  of  the 
ordinary  working  sections. 

9.  neiii«dB  In  Surreyiiic.— There  are  two  principal  methods  fol- 
lowed in  surveying,  each  characterized  by  the  elementary  mathe- 
matical process  which  it  involves :  ^  method  of  distances  and  offsets, 
used  for  filling  up  the  details  of  a  survey,  and  the  method  of  triangles, 
used  chiefly  for  ascertaining  the  positions  of  certain  stations,  but 
occasionally  applied  to  the  filling  up  details  also. 

First  Method— By  Distances  and  Offsets. 

In  fig.  1,  A  is  the  representation  on  paper  of  a  station,  or  fixed 
and  marked  point  on  the  ground,  and  A  D  that  of  a  line  extending 

from  A  in  a  known  direction.  To 
ascertain  and  lay  down  the  position 
of  a  point  C  relatively  to  A,  a  per- 

pendicular  is  let  fall  on  the  ground 

»    from  C  upon  A  D,  meeting  that  line 


Fig.  1.  .  .  

in  B;   the  distance  A  B  and  oj 


B  0  are  measured,  and  these  being  laid  down  on  the  plan  to  a 
suitable  scale,  the  point  C  on  the  plan  which  represent*  C  on  the 
ground  is  marked  or  plotted.  In  some  cases  the  angle  at  B  may  be 
some  measured  oblique  angle  instead  of  a  right  angle;  but  in  most 
cases  it  is  a  right  angle.  This  is  the  method  of  surveying  by 
distances  and  offsets^  and  is  that  by  which  the  details  of  a  survey 
are  in  almost  all  cases  filled  in. 

The  same  figure  may  be  taken  as  representing  the  elementary 
operation  of  levelling,  if  A  D  be  held  as  marking  the  datum  hori- 
zontal surface,  and  C  B  the  height  above  that  surface  of  a  point 
C,  whose  horizontal  distance  firom  A,  the  commencement  of  the 
section^  is  A  B. 

Second  Method— By  Tbianqles. 

A  and  B,  upon  the  paper,  represent  two 
stations  or  points  on  the  gi-ound,  whose 
relative  position — that  is,  their  distance 
apart,  and  the  direction  of  the  line  joining 
them — has  been  ascertained.  It  is  re- 
quired to  ascertain  and  lay  down  on  the 
^^'  paper  the  position  of  a  third  point  C  rela- 

tively to  those  two.  This  is  to  be  done  by  measuring  any  two  out 
of  the  following  four  quantities : — 
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tiie  diflftanoes  A  C  and  B  C; — 
the  angles  C  A  B  and  C  B  A,— 
and  Jetting  or  laying  down  on  the  paperjthe  representation  either 
of  the  quantities  actually  measured^  or  of  others  calculated  from 
tfaem.  The  object  of  such  calculation  is  in  most  cases  to  lay  down 
the  distances  A  C  and  B  C  on  paper,  when  the  angles  at  A  and  B 
hare  been  measured  on  the  ground ;  for  on  the  ground,  angles  are 
more  easily  measured  with  precision  than  distances ;  and  on  i>aper, 
distances  can  be  laid  down  more  accurately  than  angles. 

10.  Use  •r  TvifMMaMarr. — ^The  figure  to  be  measured  on  the 
ground  and  laid  down  on  the  paper  being  in  most  cases  a  iriatujle, 
the  branch  of  mathematics  by  which  the  necessary  calculations  are 
to  be  performed  is  that  which  relates  to  the  figures  and  dimensions 
of  triangles :  that  is,  Tbigohoxetbt. 

When  the  triangle  formed  by  the  three  points  is  of  such  extent 
that  the  curvature  of  the  earth  may  be  neglected,  its  sides  are 
sensibly  straight  lineS;  and  the  rules  of  Plane  Trigotwnietry  are  to 
be  used  When  the  curvature  of  the  earth  has  a  sensible  effect, 
the  sides  of  the  triangle  are  to  be  considered  as  being  nearly  arcs  of 
circles,  of  a  radius  equal  to  that  of  the  earth,  and  recourse  must  be 
had  to  Spherical  Trigonometry.  This,  however,  is  of  rare  occurrence 
in  surveys  made  expressly  for  engineering  purposes.  The  principles 
of  spheiical  trigonometry  are  also  occasionally  required,  when  an 
angle  has  been  measured  on  an  inclined  plane,  to  compute  the  cor- 
req^nding  angle  as  projected  on  a  horizontal  plane. 

In  Chapter  IIL  will  be  given  a  sunmiary  of  those  trigonometrical 
formul»  which  are  useful  in  surveying. 

11.  The  OMwna  Oi^cr  #r  OycntlMM  tai  BBglMcrlag  Oe^dlMy 
is  the  following,  or  nearly  so : — 

L  The  reconnaissance  or  exploring  of  the  country  by  the  engineer, 
with  a  view  to  ascertaining  in  a  general  way  the  facilities  which 
it  affi>rds  for  the  proposed  work,  and  determining  approximately  the 
best  site  or  course  for  that  work.  In  this  process  the  engineer 
will  pay  attention  to  the  geological  structure  of  the  ground,  and 
the  sources  from  which  useful  materials  may  be  obtained :  he  will 
be  aided  by  obtaining  the  best  existing  maps  or  plans  upon  a 
suitable  scale,  if  any  such  are  to  be  had,  and  by  the  taking  of — 

IL  Flying  levels, — These  are  observations  for  ascertaining  the 
elevations  of  detached  points  of  primary  importance  as  regards  the 
practicability  and  cost  of  the  work,  and  the  selection  of  the  line 
for  it;  such  as  passes  across  ridges  and  valleys,  and  points  where 
litmctures  of  magnitude  may  be  required 

The  engineer  having  thus  determined  generally  where  his  pro- 
posed work  will  be  situated,  proceeds  to  make  a  more  definite 
lielection  of  its  dte,  by  the  aid  of — 
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III.  Prdiminovry  Trial  Sectums,  made  by  taJdng  continuous 
lines  of  levels  in  which  distances  as  well  as  heights  are  measured. 
These  may,  or  may  not,  be  accompanied  by  a  rtmgh  mtrvey  and 
pUm^ — ^the  necessity  for  which  will  depend  very  much  on  the 
character  of  the  existing  maps.  The  engineer  is  now  enabled  to 
determine  the  site  of  the  work  with  a  degree  of  precision  d^)end- 
ing  on  the  care  and  skill  that  have  been  bestowed  on  the  pre- 
liminary operations,  and  to  fix  accordingly  what  extent  of  ground 
is  to  be  embraced  in  the — 

lY.  Detailed  Survey  cmd  PlaUy  as  to  the  conduct  of  which 
further  remarks  will  be  made  in  Article  12.  The  time,  labour, 
and  money  expended  on  this  survey  will  be  the  less,  the  greater 
the  precision  with  which  the  best  Ime  has  been  found  by  means  of 
the  preliminary  operations. 

Y.  Additional  Trial  Sections^  both  longitudinal  and  transverse, 
are  now  to  be  made  with  the  aid  of  the  detailed  plan,  so  as  to 
fix  exactly  the  best  line  for  the  proposed  work  that  can  be  found. 

YI.  Marking  the  Line, — The  line  so  fixed  is  to  be  drawn  on  the 
plan,  and  marked  on  the  ground  by  stakes,  or  other  suitable 
objects.     (See  Article  13.) 

YIT.  The  Detailed  Section  is  now  to  be  prepared  by  careful 
and  accurate  levellings,  so  as  to  exhibit  a  datum  horizontal  line, 
a  line  representing  the  surface  of  the  ground,  and  a  line,  or  lines, 
marking  the  levels  of  the  proposed  work.  Certain  heights  and 
other  inibrmation  should  be  marked  in  figuiest,  as  will  afterwards 
be  explained.     (See  Articles  14,  15,  and  16.) 

YIII.  Trial-Fits  and  Borings  will  be  proceeded  with,  while  the 
levelling  for  the  detailed  section  is  in  progress,  in  order  to 
ascertain  the  strata  of  the  ground.  Borings  are  the  less  costly,  in 
time,  labour,  and  damage  to  the  ground;  but  pits  are  the  more 
satisfactory  to  the  engineer  and  the  contractor.  The  results  of 
the  trial-pits  and  borings  may  be  marked  on  a  plan  and  section 
for  the  use  of  the  engineer.  (See  Article  17.)  Further  ra&arks 
will  be  made  on  these  matters  under  the  head  of  earthwork. 

IX.  Designs  amd  Estimates, — ^The  engineer  will  now  design  the 
structures  required  for  the  proposed  work  with  sufficient  precision 
to  enable  him  to  estimate  their  probable  cost,     (See  Article  17.) 

X.  Farliamentary  Proceedings, — In  the  event  of  its  being 
necessary  to  apply  for  an  act  of  parliament  for  the  execution  of 
the  work,  a  plan  and  section  and  book  of  reference  to  the  plan 
will  be  prepared,  and  copies  of  them  deposited  in  certain  public 
offices,  in  conformity  with  the  standing  orders  of  the  House  of 
Lords,  and  also  with  those  of  the  House  of  Commoas.  No 
attempt  i»  made  in  this  treatise  to  give  any  svamnaxj  oi  those 
standing  orders,  because,  as  they  are  liable  to  be  amended  and 
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added  to  in  each  aesnon  of  pariiament,  the  onl  j  means  of  ensnriiig 
compliance  -with  them  is  for  the  engineer  to  proride  himself  with  a 
copj  of  ihe  standing  orders  for  the  session  daring  which  the  act  is 
to  be  allied  for.  Those  for  a  previous  session,  even  for  that 
immediately  preceding,  are  unsafe  guides. 

XL  Improving  Lines  and  LeveU,  under  Powere  of  Deviation. — 
In  tiie  first  preparation  of  the  plan  and  section  of  a  work  requiring 
the  authority  of  parliament,  there  is  seldom  or  never  time  to  select 
the  best  line  and  levels  with  precision.  In  order  to  afford  an 
opportunity  for  afterwards  amending  the  line  and  levels,  powers  of 
deviating  from  those  shown  on  the  parliamentary  plan  and  section 
are  taken,  the  extent  of  the  power  of  lateral  deviation  being 
indicated  on  the  plan  by  dotted  lines.  The  usual  extent  of  those 
powers  of  deviation  is,  laterally,  100  yards  either  way  in  the 
country,  and  10  yards  either  way  in  towns;  and  vertically,  five 
feet  npwards  or  downwards  in  the  country,  and  two  feet 
upwards  or  downwards  in  towns;  but  greater  or  less  powers  are 
conferred  in  special  eases.  •After  the  act  of  parliament  has  been 
obtained,  the  engineer  will  avail  himself  of  the  power  of  deviation 
to  make  the  work  more  economical,  or  otherwise  to  improve  it 

The  fi>Uowing  four  operations  will  then  proceed  together  : — 

XIL  Survey  for  Land  Flans, — If,  as  is  often  the  case,  the 
previous  survey  referred  to  under  Operation  IV.,  has  been  executed 
too  hastily,  or  plotted  on  too  small  a  scale,  to  serve  for  the  plans 
that  are  to  be  used  in  the  purchase  of  land  and  execution  of  the 
work,  a  more  accurate  survey  must  now  be  made  for  that  purpose ; 
hut  tiiis  new  survey  being  confined  to  the  ground  finally  selected 
for  the  site  of  the  work,  will  be  of  comparatively  small  extent 
(See  Article  18.) 

XIIL  Banging  and  Settmg-out  the  Line,  consists  in  marking,  by 
stakes  or  otherwise  on  the  ground,  the  centre  line  of  the  proposed 
vork,  as  finally  fixed. 

XIV.  Working  Sections  are  prepared  by  taking,  with  great  care 
and  precision,  the  levels  of  the  ground  along  the  finally  selected 
centre  line,  and  as  many  lines  of  transverse  sections  as  may  be 
neoessary,  plotting  the  results  on  a  sufficiently  large  scale  (see 
Article  8,  p.  7),  and  drawing  on  the  sections  of  the  ground  so 
made,  lines  to  represent  the  intended  levels  of  the  work.  (See 
Articles  14,  lo,  and  16.) 

XV.  Setting-out  the  Breadths  of  Land  required  for  the  work  is 
perfonned  both  on  the  ground  and  on  the  land  plans  after  those 
hreadths  have  be^i  calculated. 

The  land  required  can  now  be  fenced,  and  the  execution  of  the 
work  proceeded  with. 
12.  Off#cr  •#  OpmiiisM  te  the  DdaiMI  tarrey.— It  will  now  be 
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stated,  in  greater  detail,  what  steps  are  taken  in  making  the  survey 
referred  to  under  Head  IV.  of  Article  11,  p.  10. 

{a.)  Selecting  Principal  Stations, — The  surveyor,  making  a  general 
exploration  of  the  ground  to  be  surveyed,  will  choose  a  series  of 
stations  placed  generally  on  the  highest  and  most  open  ground;  so 
that  each  station  may  command  as  extensive  a  view  as  possible  of 
the  ground  to  be  surveyed,  and  that  a  pole  or  other  signal  placed 
at  each  station  may  be  distinctly  visible  from  the  neighbouring 
stations.  These  stations  should  also  be  chosen  so  that  the  imagi- 
nary lines  connecting  them  with  each  other,  and  with  a  series  of 
conspicuous  objects  in  their  neighbourhood,  such  as  towers  and 

spires,  may  cover  the  district  to  be 
surveyed  with  a  network  of  large 
triangles,  having  no  angle  less  than 
30°,  or  more  than  150°;  two  angles 
at  least  of  each  triangle  being  a^ces- 
I  sible  stations. 

With  the  exception  of  harbours, 
most  great  engineering  works  are 
long  lines  of  communication,  such 
as  railways,  roads,  and  canals;  and 
the  survey  required  for  a  work  of 
that  sort  embraces,  in  general,  a 
long  narrow  band  of  country,  usually 
about  a  quarter  of  a  mile,  and  seldom 
more  than  half-a-mile  wide.  Let  the 
two  dotted  lines  in  fig.  3  represent 
part  of  the  band  of  country  to  be 
surveyed  ;  the  principal  stations,  A, 
B,  C,  D,  E,  &c.,  are  to  be  chosen  so 
as  to  form  the  junctions  of  a  series  of 
straight  lines  running  along  that 
band,  each  line  as  long  as  may  be 
practicable  consistently  with  obtain- 
ing good  points  for  stations.  These 
are  called  base  lines,  or  princip(U 
station  lines.  The  network  of  tri- 
angles is  to  be  completed  by  select- 
ing a  series  of  lateral  objects,  F,  G, 
H,  <fec.,  which  may  be  high  buildings, 
conspicuous  trees,  <fec. 
The  principal  stations  are  to  be  marked  permanently  by  stakes, 
and  temporarily,  when  required,  by  poles  and  flags. 

(6.)  Hanging  Principal  Station  Lines, — When  the  lines  are  of 
great  lengthy  or  have  uneven  ground  and  other  obstacles  in  their 


Fig.  3. 
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^eceaaary  to  m&rlc:  intermediate  points  in  them 
(fiVS^'^n^Xig^  ^  ^^^  **  ^^^  e^ctremitiea  This  is  alwuyn 
^y  ^©tt^^V^  *^  "partB  of  &  st&tiou  line  from  which  its  ends 

j^jjottifliH^  .^^jflrlfltwrn.       CIujLirhirtt/     Bcue  Lines. — The  survej 

Ic)  if*"*  '^^^^T^^C*'^  triangles  lEiiglit  be  made  by  measuring  one 

of  tbe^i€^^^*^      ^^  ^ding  the  lengtbs  of  all  the  other  8id«?s  of 

jjgge  \in€  oii^^^  *^\.i^^  from  tbeir  ajaglea.    But  for  the  purposes  of 

^jiaBglcft  ^1  ^^'^^xi^^y*  Teq\iire<i    for   engineering  projerts,  it  is 

the  lo^  ii«^^      ^casaxe  eacb.  of   tbe  principal  station  lines  AB, 

moie  coffv®^^^  ^e  <^ani,  in  order    to   ascertain  the  positions  of 

BC,  CD,  ^^'     -v^  g(Vi\a)aVe  ibr  aeeoxLdary  stations,  and  also  of  the 

ijitentto^^  ^^  Tjoxvc^^  rtattion-lixies  cross  roads,  fences,  streams, 

points  '*^®^- 1^  ou^®  ^\md.      Tbe  term  "  base  line"  is  specially 

jmd  oftiber  ^^x^^^^u^  \mea  ir\dch  are   thus  directly  measured.     The 

g^lied  *?.^^Ji<v^  of  ^«  ^»fi®  lines  are  determined  by  measuring 

relative  «^^^^  ^  C,  -^B  C  B,  ^.s:!  C  D  E,  Ac.    The  measurements 

the  ftDg^^  ^^  -^jg^e  by  distetnt  objects  with  the  base  lines,  such  as 

of  *»^%,^^FBC,  ^CBG,  ^BCF,  ^BCG,  ^GCD, 

'^^nvi  &C.  serve,  by  the  aid  of  trigonometrical  calcuktion,  to 

-^  P    1,    Lccuracy  of  tbe  oiher  linear  and  angular  measurements, 

eheck  the^^^^  be  shown. 

2^  Will  "^^i^^^j^tion  of  linear  and  angular  measurement  is  called 
*^^^,  ^^  It  has  now  been  described  as  practised  on  a  great 
firaverstng-  -^^^  station  lines  of  several  miles  in  length ;  but  it 
scale,  "^^^^gg^  on  a  small  scale  in  surveying  objects  which  are 
^  *^  ™w  and  winding,  such  as  roads  and  streams. 
^^J\^^^imdary  Triangles.— The  surveyor  will  choose  a  set  of 
^  A  W^tions,  some  in  the  course  of  the  principal  stotion  lines ; 
^^^^hVd  €  /—others  at  convenient  lateral  points;  as,  g,  A,  »,  j\  k, 
**•  ^'iiie 'whole  so  situated  that  the  lines  connecting  them, 
-L^iTVorm  a  network  of  smaUer  or  secondary  triangles,  may  lie 
^^  •  ^Iv  near  to  the  fences,  streams,  buildings,  and  other 
guffioenwy  ^  ^^^^^  ^^^  ^  ^ie  surveyed  from  them  by 

Sftot  nSiod  of  Article  9,  p.   8,-that  is,  by  distances  and 


^f'q^roeu  of  Details.  — ThiiA  may  be  performed  wholly  by 

TiStances  and  offsets;  but  time  and  trouble  may  often  be 

™^w  the  occasional  use  of  angular  measurements. 

**^ir     ^     to  save  time,  trouble,  and  money  as  far  as  possible,  the 

In  order  t^-  j.  ]iave  just  been  enumerated  should  be  carried 

^*  T*Sh^or  alternately. 

»^     'Iijr^lan  aho^  **i^  centre  line  of  a  railway,  canal,  or  other 
S^f  <^unication,  a  acale  of  diatanoes  is  to  be  marked  along 
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the  whole  of  its  length,  commencing  at  one  of  its  ends  or 
"  termini"  According  to  standing  orders  which  have  been  in 
force  for  many  years,  that  scale  of  distances  on  the  plan  of  a  pro- 
posed railway,  is  to  show  each  mile  and  furlong  from  the  com- 
mencement of  the  centre-line;  all  radii  of  cnrves  which  do  not  exceed 
one  mile  are  to  be  written  on  the  plan  in  fwrUmge  and  chaxM; 
and  the  lengths  of  proposed  tunnels  in  ycerde.  The  information  thus 
written  on  the  plan  is  nsefnl  to  the  engineer,  independently  of 
its  being  prescribed.  It  is  also  useful  to  the  engineer,  although 
not  prescribed,  to  have  the  levels  of  important  points  written  on  the 
plan,  or  shown  by  the  aid  of  oon^owr  lines  (which  will  be  further 
explained  afterwards),  especially  when  the  plan  is  to  be  used  in 
selecting  a  line. 

14.  IMrtuiCM,  DatmM-p«ta«*  lI«lslM^  mmA  •ther  tolbnMitoa  writtea 
•■  tlM  S0cti«B. — ^The  horisontal  datum-line  of  the  section  should  have 
marked  on  it  a  scale  <^  distances  corresponding  with  those  marked 
along  the  oentre-line  on  the  plan,  in  order  that  corresponding 
points  on  the  plan  and  section  may  be  readily  found ;  and  great 
care  should  be  taken  that  horiiontal  distances  on  the  plan  and 
section  exactly  agree. 

Alongside  the  datum-line  on  the  section  there  should  be  a 
written  statement  of  the  elevation  or  depression  of  the  horizontal 
surface  which  it  represents  as  compared  with  what  is  called  the 
'^  Datum  fixed  point;**  that  is,  a  well-marked  and  easily  fomnd  point 
on  some  permanent  object,  which  (as  prescribed  in  the  standing 
orders  of  parliament)  should  be  "  near  one  of  the  termini  *  «rf  the 
proposed  work.  The  chief  requisites  of  an  object  for  that  purpose 
are,  permanence  of  position  and  easy  identification;  so  that,  on 
the  whole,  some  portion  of  the  masonry  of  a  building  (a  public 
building,  if  possible),  such  as  the  upper  side  of  a  window-sill, 
plinth,  or  string-course,  may  be  considered  as  the  best.  Door-sills  are 
deficient  in  permanence  because  of  their  liability  to  be  worn  down  by 
the  feet  of  persons  passing  in  and  out ;  nevertheless,  they  are  j&equently 
used  as  datum-points,  and  not  objected  to.  The  upper  sur&oe  of  the 
rails  of  a  railway  at  some  specified  point  is  often  referred  to  as 
a  datum,  and  considered  sufficient,  although  its  elevation  is  far 
from  being  permanent  Amongst  objects  utterly  unsuitable  for 
this  purpose  may  be  mentioned,  all  surfaces  whose  levels  are 
continually  changing,  how  slight  soever  the  change  may  be,  such 
as  the  ''  top  water  level "  of  a  canal,  and  all  ideal  horizontal 
surfiices. 

Amongst  other  information  to  be  marked  in  writing  on  a  section 
are,  the  heights  of  the  principal  parts  of  the  proposed  work  above 
the  horizontal  datum-line,  and  in  particular,  in  the  case  of  a  rail- 
way, those  of  the  upper  surface  of  the  rails  at  the  points  where  the 
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indinstioii  vines;  tiie  tevenl  mteB  c^  inclination  of  proposed  rail> 
wajB,  and  of  roeds  to  be  ilUred  for  the  purpose  of  making  them ; 
the  gveateit  depibs  of  cutkingB  and  heights  ci  embankments  ;  the 
kn^hs  of  tonnek  and  viaducts;  the  alterations  of  level  and  in- 
duction to  be  made  in  existh&g  lines  of  communication;  the 
character  of  the  stmctoxcs  to  be  used  for  pasidng  them,  wbether 
bfidges  over  or  under,  or  level  crossangs;  and  in  the  case  of 
prr^sed  bridges  for  existing  roada,  the  width  of  roadway  which 
thej  will  provide,  and  if  they  pass  over  the  roads,  the  height  of 
headroom.  So  fiur  as  those  items  of  information  are  required  by 
the  standing  orden  of  parliament,  reference  must  be  made  for 
details  to  those  standing  oiders  Uiemselves,  as  has  been  already 
stated  under  Head  X.  of  Article  11. 

A  working  section  should  state,  in  writing,  the  level  <^  the 
groand,  the  level  of  the  propoaed  work,  and  the  height  of  embank- 
ment or  depth  of  cutting,  at  every  point  of  the  ground  whose  level 
has  been  taken ;  those  quantities  being  found  by  calculation,  not 
bj  measurement  on  the  paper.  It  should  also  state  the  positions 
and  levels  of  all ''  Bench  marks." 

15.  VMwk  HaHu  are  fixed  objects  whose  levels  are  known, — ^in 
£m^  subordinate  datum-points, — distributed  along  the  course  of  the 
intended  work,  at  distances  of  from  half-a-mile  to  a  mile,  and  near 
the  sites  of  all  intended  structures  of  importance,  such  as  bridges. 
If  suitable  existing  objects  cannot  be  foand,  the  heads  of  large 
stakes  driven  for  the  purpose  will  answer.  They  should  be  placet! 
where  they  will  not  be  disturbed  during  the  execution  of  the 
woi^ 

16.  ca»rfchiy  ifCvvU  consists  in  taking  the  levels  of  points  over 
again,  to  test  the  correctness  of  previous  levelling.  In  preliminary 
and  parliamentary  sections,  the  levels  of  the  more  important  points 
only,  such  as  summits  of  hills  and  bottoms  of  valleys,  crossings  of 
existing  lines  of  communication,  and  bench  marks,  require  to  be 
cheeked  j  for  working  sections,  every  level  taken  should  be  checked. 

17.  KattMUM  and  B«rtasa  ■uvkedl  •■  Pbw  aad  Sectlaa.  —  It 
is  useful  to  the  engineer  to  have  a  copy  of  the  plan  and  section  of 
a  proposed  work  on  which  the  results  of  trial-pits  and  borings  are 
marked,  and  the  estimated  cost  of  each  part  of  the  work  written 
appodte  to  its  position  on  the  paper. 

18.  C«irtn  I^faM  M  m  BMe  f«r  Ii«adl-Plaa  tarrer* — ^When  the 
centre  line  of  a  proposed  railway  has  been  carefully  ranged  and 
staked  out,  it  may  be  used,  whether  straight  or  curved,  as -a  base 
for  the  secondary  triangulation  of  the  survey  for  the  land-plans, 
the  great  triangulation  being  dispensed  with,  and  each  stake 
r^arded  as  a  station  in  the  survey. 

19.  HaoMwe  f  rijpunf  tm  he  »T«M«d«..A]]  operations  of  engi- 
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neering  field-work  ought  to  be  so  conducted  as  to  do  as  little 
damage  as  possible  to  t£e  property  traversed. 

20.  AmiageMi«at  of  the  eHsulng  Chapton. — The  operations  of 
surveying,  levelling,  and  setting-out,  having  been  enumerated  and 
explained  in  a  general  way  in  the  present  chapter,  the  remaining 
chapters  of  this  part  will  be  devoted  to  the  explanation  of  details 
relative  to  certain  branches  of  the  subject,  in  the  following 
order : — 

Surveying  with  the  chain. 

Surveying  by  angular  measurements. 

Levelling. 

Setting-out  works. 

Marine  surveying. 

Copying,  enlarging,  and  reducing  plans. 

The  explanation  of  some  of  tiie  peculiarities  of  surveys  for 
particular  classes  of  works  will  be  reserved  until  those  works  them- 
selves come  to  be  considered. 
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CHAPTER  IL 

OF  8UBTSTING  WITH  THE  CHAIV. 

21.  HMka  «id  WijffiMli — ^The  marks  fixed  at  stations  to  enable 
tbem  to  be  readily  fonnd  are  usually  stakes,  of  size  and  strength 
sofficient  to  guard  against  the  risk  of  their  being  disturbed.  In 
nHMt  cases  tihey  should  be  driven  to  the  head,  or  nearly  so.  If,  for 
a  particular  station-mark,  greater  permanence  is  desired  than  can 
be  obtained  by  means  of  a  stake,  a  block  of  stone  may  be  used, 
having  a  cross  cut  on  its  upper  surfeu^. 

When  a  mark  fixed  at  the  station  itself  would  be  liable  to  be 
disturbed,  four  stakes  may  be  driven  so  that  the  intersection  of  th«^ 
straight  lines  joining  them  diagonally  may  mark  the  station ;  or 
two  or  more  stakes  may  be  driven,  and  the  distances  of  the  station 
from  ihem  measured  and  noted  down;  or  the  distance  of  the  station 
from  any  two  or  more  well-defined  permanent  objects,  such  ax 
comers  of  buildings,  may  be  measured  and  noted  down;  or  if  two 
permanent  objects  can  be  foimd  which  lie  in  one  straight  line  with 
tiie  station,  that  fact  can  be  noted,  together  with  the  distance  of 
the  station  from  one  of  the  objecta  The  points  where  station-linen 
croBB  fences  are  marked  by  notches  upon  timber  and  grooves  upon 
;$tone. 

The  signals  set  up  at  stations  to  make  them  visible  from  a  dis- 
tance usually  consist  of  poles,  with  or  without  flaga  Ordinary  poles, 
to  be  carried  about  in  the  field,  may  be  from  six  to  nine  feet 
long,  painted  in  alternate  lengths  of  black  and  white,  and  shod  with 
iron.  For  flags,  although  wlute  is  the  colour  that  is  seen  farthest, 
red  is  more  genendly  employed,  as  being  more  easily  distinguished 
from  surrounding  objects  by  those  who  have  no  defect  in  the  per- 
ception of  colour.  To  mark  the  ends  of  long  station-lines,  poles  of 
greater  lengths,  such  as  twenty  or  thirty  feet,  are  often  required ; 
these  generally  need  rope  stays  to  keep  them  upright 

Great  care  should  be  taken  to  set  up  and  keep  all  poles  in  a  truly 
vertical  position;  and  tail  permanent  poles  should  be  adjusted  by 
nieans  of  a  plumb-line. 

For  the  temporary  marking  of  points  in  surveying  details,  bits  of 
paper  are  used^  held  in  cleft  sticks.     These  are  odled  *<  whites." 

c 
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To  facilitate  the  ranging  of  long  station-lines,  it  is  useful  to 
choose  them,  when  opportunities  occur,  so  as  to  run  directly  towards 
some  conspicuous  existing  object,  such  as  a  tree,  a  le^nre,  or  a  lai^ 
chimney. 

22.  Th«  mmrwjimg  Chain. — For  measuring  with  extraordinary 
accuracy  the  bases  of  national  trigonometrical  surveys,  rods  of  gla» 
and  of  metal  have  been  used — a  correction  for  expansion  by  heat 
being  made  either  by  calculation  or  by  mechanism:  also,  steel 
chains,  made  of  flat  links  connected  at  the  ends  by  pins,  and  sup- 
ported in  accurately  levelled  troughs,  the  tension  being  maintained 
constant  by  a  weight  hanging  over  a  pulley,  and  the  correction  for 
expansion  made  by  calculation. 

In  ordinary  surveys  for  engineering  works  so  great  a  degree  of 
accuracy  is  unnecessary;  and  the  instrument  generally  uMd  for 
measuring  distances  is  the  common  surveying  chain,  which  consists 
of  one  hundred  staraight  links  of  iron  or  steel  wire  of  equal  length, 
having  eyes  on  their  ends,  and  connected  together  by  oval  ringa. 
There  are  usually  three  of  those  rings  between  each  pair  of  straight 
links.  The  joints  of  the  rings,  and  those  of  the  eyes  of  the  links, 
should  be  welded :  the  chain  is  thus  rendered  much  less  liable  to 
.stretch  than  if  those  joints  are  open.  Each  distance  of  ten  links 
from  either  end  of  the  chain  is  marked  by  a  peculiarly  shaped  piece 
of  brass,  so  that  the  mark  at  ninety  links  from  one  end  is  similar 
to  that  at  ten  links,  that  at  eighty  links  to  that  at  twenty,  and  so 
on,  the  middle  of  the  chain  being  marked  by  a  round  piece  of  bras.s. 
At  each  end  of  the  chain  is  a  handle. 

The  chain  should  measure  its  correct  length  from  outgide  to  aui- 
side  of  the  handles. 

As  every  chain  which  is  in  daily  use  in  the  field  is  liable  to  ha^ 
its  length  increased  by  the  continual  strain  upon  it,  and  diminished 
by  the  bending  of  the  links,  and  by  dirt  getting  into  the  rings,  it 
ought  to  have  its  length  tested  every  day  by  comparison  with  a 
"  standard  chain,"  used  for  the  sole  purpose  of  testing  other  chains, 
or  with  two  marks  on  a  wall,  or  on  a  pair  of  stakes,  whose  distance 
apart  has  been  very  accurately  adjusted.  The  length  of  the  working 
chain,  when  found  to  be  erroneous,  can  be  corrected  by  straighten- 
ing the  links  and  cleansing  the  rings,  and  by  hammering  the  latter 
so  as  to  make  them  longer  or  shorter  as  may  be  required. 

The  chains  most  commonly  used  in  Britain  are,  ''Gunter*s  Chain** 
of  66  feet  (in  which  each  link  is  '66  of  a  foot  or  7*92  inches),  and 
the  chain  of  100  feet.  The  advantages  of  Gunter*s  chain  are,  its 
being  an  exact  decimal  fraction  of  a  mile  (one-eightieth,  or  -0125), 
and  the  square  described  upon  it  being  one-tenth  of  an  acre.  The 
100-foot  chain  has  the  advantage  of  giving  at  once  dimensions  in 
feet,  which  are  convenient  in  the  calculation  of  quantities  of  work. 
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When  a  ^dudQ**  is  spoken  of  wiUioat  qualificatioii,  Oimter's  duun 
is  meantw 

The  chain  is  nauaUy  aooompanied  hj  ten  skewen  called  '^arrowi,** 
made  of  iron  or  steel  wire,  having  a  point  at  one  end  and  a  lai^ 
ring  at  the  other,  marked  with  a  pieoe  of  red  cloth  to  make  it 
visihle  from  a  distance^  Some  surveyors  prefer  to  use,  in  chaining 
loi^  lines,  nineteen  arrows,  nine  of  iron  or  steel,  and  ten  of  brasa 

The  chain  is  carried  by  two  men,  called  respectively  the  "  leader** 
and  the  '^follower.**  In  measuring  the  length  of  a  station-line,  the 
follower,  in  a  crouching  attitude,  holds  one  end  at  the  commence- 
meat  of  the  line,  and  the  leader,  carrying  with  him  all  the  arrows, 
fixes  his  eyes  on  the  object  which  marks  the  distant  end  of  the  line, 
and  walks  straight  towards  it,  dragging  the  other  end  of  the  chain 
along  with  him.  When  the  chain  is  tightened,  the  leader  crouches 
down  at  one  side  of  the  Hne,  holding  near  the  ground  an  arrow 
exactly  npri^t^  in  the  same  hand  which  grasps  l£e  handle  of  the 
chain.  The  follower  sees  that  the  chain  is  tight,  straight,  and 
unentan^^,  and  directs  the  leader  by  words  or  gestures  so  as  to 
make  him  stick  the  arrow  into  the  ground  exactly  in  the  align- 
ments* The  leader  and  follower  then  rise,  and  advance  until  Uie 
follower  reaches  the  arrow  that  marks  the  end  of  the  first  chain- 
length,  and  proceed  to  lay  off  a  second  chain- length  and  fix  a  second 
^  arrow  as  before,  and  so  on.  The  follower  picks  up  the  arrows  as  he 
advances,  so  that  by  counting  the  arrows  in  his  hand  he  can  tell  at 
any  moment  how  many  entire  chain-lengths  have  been  measured. 
On  fixing  the  tenth  arrow,  the  leader  cries  in  a  loud  voice  **  ten,** 
or  ''change;**  the  surveyor  notes  in  his  field-book  that  ten  chains 
have  been  measured ;  the  leader  stands  still  until  the  follower  has 
advanced  to  him  and  handed  him  the  nine  previously  picked-up 
arrows;  the  follower  holds  his  end  of  the  chain  at  the  mark  made 
by  the  tenth  arrow,  which  the  leader  (if  there  are  ten  arrows 
only)  tiien  picks  up,  and  advances  with  all  the  ten  arrows  in  his 
hamd  to  eommoice  the  measurement  of  the  next  ten  chaina  If 
there  are  nine  iron  arrows  and  ten  brass  ones,  the  leader,  having 
expended  all  the  iron  arrows  in  marking  the  first  nine  chains,  marks 
the  end  of  the  tenth  chain  with  a  brass  arrow;  and  when  the 
fi[dlower  comes  up  to  him,  takes  only  the  nine  iron  arrows,  leaving 
the  brass  arrow  to  be  picked  up  by  the  follower  when  the  next 
chain-length  has  been  measured.  In  this  case  the  foUower,  at  any 
moment^  can  tell  the  number  of  entire  tens  of  chains  which  have 

*  Mr.  Httkoll  (JBHgmemng  Field-work')  ja^cwody  neommends  that  words  alone 

be  and  &r  tbia  porpoaa.  in  order  that  the  loider  may  fix  his  ejas  oo  the  arrow,  and 

^     ^Bqp  U  exactly  vertieal,  tba  ibUower  directing  him  to  move  it  to  ooe  side  or  the 

<tter  by  tayiog  "to  yoo"  and  *'firom  yoo,"  and  to  fix  it  in  the  groond  by  the 
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been  chained  hj  ootmting  the  brass  arrows  in  his  hand,  and  the* 
number  of  ohains  over  and  above  the  entire  tens  of  chains  by  ooont* 
ing  the  iron  arrows;  and  thus  a  check  is  kept  upon  the  number  of 
entire  tens  of  chains  noted  in  the  surveyor's  field-book.  At  the 
end  of  each  hundred  chains  the  leader  receiyes  back  all  the  brass 
arrows  as  well  as  the  iron  ones. 

If  the  leader  takes  care  while  advancing  to  keep  his  eyes  fixed 
on  the  signal  at  the  distant  end  of  the  line,  he  will  be  able  to  drag 
the  chain  forward  in  the  true  alignment  with  very  little  direction 
from  the  follower. 

The  follower  while  advancing  should  allow  the  chain  to  slacken, 
and  should  take  care  to  keep  it  clear  of  the  arrow,  and  of  objects 
which  may  entangle  it. 

As  the  chaining  goes  on,  the  surveyor  notes  the  distances  from 
the  commencement  at  which  the  station-line  crosses  all  fences, 
boundaries,  banks  of  streams,  sides  of  roads,  and  other  objects  to 
be  shown  on  the  plan;  also  where  it  crosses  other  station-lines,  and 
where  points  occur  suitable  for  intermediate  stations  in  the  survey. 

23.  ChaliUMg  •■  m  l^ecUvUy— B«4BCtl*H  tm  the  l^mw^ — In  chain- 
ing up  or  down  a  slope,  the  distance  actually  measured  must  be 
reduced  on  the  plan  to  the  projection  of  that  distance  on  a  hori- 
zontal plane.  The  most  convenient  way  of  effecting  this  is  by 
means  of  a  correction  in  links  and  fractions  of  a  link  to  be  deducted 
from  each  chain.  This  correction  being  known,  may  be  applied 
mechanically  during  the  chaining,  by  pulling  the  chain  forward  at 
each  chain-length  through  a  distance  equal  to  the  required  correction. 

The  following  are  various  formube  for  computing  the  correction : — 

When  the  angle  of  inclination  has  been  measured  by  a  '^  clino- 
meter" or  other  angular  instnmient; 

Correction  in  links  per  chain,  =  100  x  versed  sine  of  inclination,  (I.) 

When  the  vertical  fall  in  links  for  each  chain  of  distance  on  the 
slope  is  known; 

Correction  in  links  per  chain  =  100  -  ^10,000 -fall«;  (2.) 

and  when  the  sloj^e  is  gentle,  the  following  approximate  formula 

will  answer : — 

fall' 
Correction  in  links  per  chain  =  ^-c^  nearly (3.) 

To  save  calculation,  most  clinometers  and  theodolites  have  the 
correction  for  declivity  marked  on  the  "limb"  or  graduated  arc 
on  which  angles  in  a  vertical  plane  are  measured. 

Experience  surveyors  learn  to  estimate  this  correction  with 
considerable  accuracy  by  the  eye. 

Its  use  may  often  be  dispensed  with  by  stretching  the  chain  in  a 


point  on  tiie  gmndctt/rtly  V^dowtiie  dowi^.^Ul  «*  a  being  ^^d 
by  means  of  a  plumV^e,  or  a  WBgiBg  pole  beM  vertically  or  br 
dropping  an  anov  ot  aftOBe.  TWa  proceas  is  c&Ued  mteppiL  ^,5 
may  be  earned  on  \jy  Wtf-cbaiM  or  shorter  distAnoefl,  instead  of 
vhole  cbaina,  on  Tery  steep  ground. 

24.  MEbM  (to  which  teferenoe  baa  already  \>een  mmde  in  Article 
9,  DiTiaion  L^  p.  8)  are  oTdinates  or  transrevae  distanoee^  measured 
from  known  points  in  a  station-line  to  objects  ^wbose  position  is  to 
be  ascertained;  sach  as  bends  and  inteiBectioiis  of  fences,  of  the 
odes  of  roads,  of  the  banln  of  streams,  and  of  other  boundaries, 
comers  of  buildingn,  and  so  forth.  The  sonrey  or  notes  in  lus  field- 
book  the  distance  in  links  from  the  oommencement  of  the  station- 
line  at  which  the  oflBjet  is  made  (  AB,  fig.  1,  p.  8),  and  the  length 
oftheoffiet(BCinthe8amefigare);ihende  of  the  page  on  which 
the  latter  is  noted  showing  at  which  ade  of  the  station-line  the 
ofbet  lies,  as  wiU  be  further  explained  in  Article  28. 

Ofbets  are  almost  always  at  right-angles  to  the  station-lina  To 
ensure  accuracy  th^  should  seldom  exceed  about  one  chain  in  length 
(although  offsets  of  two  or  three  chams  may  be  made  to  boundaries 
which  are  nearly  parallel  to  the  station-line);  and  the  secondly 
station-lines  from  which  the  details  of  the  ground  are  surveyed 
should  be  laid  out  accordingly.  The  position  and  direction  of  abort 
of&ets  may  be  laid  off  by  the  eye;  but  the  longer  offsets,  esjiecially 
if  th^  run  to  important  objects,  should  be  laid  off  by  letting  &11  a 
perpendicular  from  the  object  (at  which,  if  necessary,  a  pole  or  a 
"white**  may  be  phioed)  upon  the  station-line,  by  means  of  the 
"cross-staff**  or  of  the  "optical  square." 

The  Cron-Staff  is  simply  a  staff  with  a  spike  on  the  lower  end, 
and  two  pair  of  sights  at  right  angles  to  each  other  at  the  upper 
end 

The  Optieal  Squa/rey  which  has  almost  superseded  the  cross-staff, 
is  a  brass  box,  containing  two  small  silvered  plate-glass  mirrors, 
whose  planes  make  with  each  other  an  angle  of  45°;  so  that  every 
ray  of  light  which  fiills  upon  the  first  mirror,  and  is  thence  reflected 
to  the  second  mirror,  is  again  reflected  from  the  second  mirror  in  a 
direction  at  right  angles  to  its  original  direction.  A  portion  of  the 
second  mirror  is  uninlvered,  so  that  the  surveyor  can  see  through 
it.  He  places  himself  on  the  station-line,  and  looks  through  the 
unsilvered  glass  towards  the  signal  at  one  end  of  it,  and  then  moves 
backwards  and  forwards  along  the  station-line  until  he  sees  the 
reflected  image  of  the  lateral  object  apparently  coinciding  in  direc- 
tion with  the  signal  on  the  station-line;  the  directions  of  thoAe  two 
objects  are  then  at  right  angles,  and  the  point  on  the  ground  directly 
below  the  optical  square  is  the  commencement  of  the  offset  required. 
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To  adjust  the  optical  square,  make  a  rest  for  it  by  driving  a  picket 
or  small  post  (which  may  be  called  A)  four  and  arhalf  or  five  feet 
high,  with  a  flat  top.  8et  up  a  pole  two  or  three  chsins  off  in  any 
convenient  direction  (which  pole  may  be  called  B);  look  towards  it 
through  the  unedlvered  glass;  send  an  assistant  to  set  up  a  second 
pole  (C)  in  such  a  direction  that  its  reflected  image  apparently 
coincides  in  direction  with  B.  Then  the  lines  A  B  and  A  C  are  or 
ought  to  be  at  right  angles.  In  the  same  way,  let  the  assistant  set 
up  a  third  pole,  D,  at  the  same  angular  distance  from  C,  and  a 
fourth  pole,  £,  at  ihe  same  angular  distance  from  D.  Then  on 
looking  directly  towards  £,  if  the  optical  square  is  conrectly  adjusted, 
the  reflected  image  of  B  will  be  seen  apparently  coinciding  in  direc- 
tion with  R  Should  it  not  be  so,  correct  one  quarter  of  the  error 
by  means  of  the  adjusting  screw  which  acts  upon  one  of  the  mirrors, 
and  repeat  the  whole  operation  until  the  adjustment  is  exact. 

The  purpose  of  an  optical  square  may  be  answered  by  a  hox- 
Mxtant,  the  index  being  set  to  90°.  This  instrument  will  be 
described  in  Chapter  ill.  Lines  at  right  angles  to  each  other 
may  sometimes  be  marked  on  the  ground  by  setting  out  with  the 
tape-line  or  chain  a  right-angled  triangle  of  any  convenient  dimen- 
sions ;  the  proportions  of  the  sides  being  determined  by  the  principle, 
that  the  sum  of  the  squares  of  the  sides  which  enclose  the  right 
angle  is  equal  to  the  square  of  the  hypothenuse,  or  side  opposite 
the  right  angle. 

Amongst  the  proportions  of  whole  numbers  which  fulfil  that 
condition  are  the  following : — 


Sides 

endoring  the 

Hypo- 

right  angle. 

theniue. 

3 

4 

:        5 

5 

la 

:       13 

7 

24 

:      25 

8 

:       15 

:       17 

20 

:      21 

29 

The  most  useful  of  these  proportions 

is  the  first  and 

simplest^ 

3 

4 

5* 

*  The  following  is  m  general  method  for  finding  an j  nunher  of  sets  of  whole  n vm~ 
bers  which  are  proportional  to  the  sides  of  right-angled  triangles. 

Choose  any  two  numbers  whatsoever,  m  and  «,  m  being  the  greater;  and  ii  they 
are  either  both  even,  or  both  odd,  make 

but  if  one  is  even  aad  the  other  odd,  multiply  each  of  the  above  expressions  by  2. 
Then,  «j*+y«=s*; 

and  X,  y,  and  z  are  proportional  to  the  thxee  sides  of  a  right-angled  triangle,  s  corre- 
sponding to  the  hypothei 


itA!frLDa-^^nat-\!( 


W^efttwoi 


^  •.^wlaMe  to  TO. 
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wneatwoywouav-      Toee^i^  "^''=^*^^'^  *^  length*  ^rf'ofteta. 

and  sfcioBg  wooden  ^U  TZTT^tTv^    *^**«*  O"^  i«>n,  ten  iinka  lomt 

25.  #UHM  •*•••  may  °^       il^  ^  ©onvenient,  with  the  aid  of 
an  angular  iMtramail,  ««^  ^^  »oit-aextaiit  or  a  light 
titeodolite.  to  mearoie  ^^  •»««»  whicl&  thew  make  with 


<1 


Fig.  4. 


the  itatioii-Une.  But  ii^  ^^^^Ti^g  ^jr  linear  measure- 
nienta  alone,  obliqae  of&eta  ue  inade  in  pain  from 
different  points  in  the  sU^<ni-line  to  tbe  same  object^ 
in  order  to  determine  its  ]^tiou  ^wltk  inoi«  aocunuy 
than  is  attainable  by  a  m^^  nctaAg^uiar  offiiet.  For 
example  (see  fig.  4.),  the  podtion  of  the  object  D  ia 
fonnd  by  measming  to  it  a  ptir  of  offiaets,  B  D,  C  D, 
from  two  different  pointa,  B  and  C,  in  the  station-line 
ABC.  This  prooeas,  in  ftet^beLonga  to  the  method  of 
surveying  by  triamgle$^  B  D  C  b^ng  a  triangle  of  which 
the  three  sides  are  measured. 

The  nearer  the  angle  between  the  two  oflseta,  ^^^ 
B  D  C,  a]:^rt)aehes  to  a  right  angle,  the  more  accurately 
is  the  position  of  the  objeet  determined;  and  care 
ahonld  thei^ore  be  taken  to  make  that  angle  neither  very  acute 
nor  Teiy  obtiiB& 

If  a  check  on  the  aecumcy  of  the  operation  is  desired,  a  third 
o&et,  ED,  may  be  measured  to  the  object  frt>m  a  third  point,  E, 
in  thn  station-line. 

The  principal  objects  for  which  the  additional  accuracy  given  by 
oblique  offsets  is  desirable,  are  eomers  and  inter- 
sections of  boundaries,  angles  of  buildings,  nule-posts, 
and  the  like.  When  the  object  is  a  comer  of  a 
building,  sncbas  D  in  fig.  5,  it  is  convenient  to  make 
each  of  the  offbets,  if  possible  (or  at  all  events  one 
of  them),  lie  in  a  straight  line  with  a  &oe  of  the 
building,  and  so  to  determine  the  direction  of  such 
&oe  or  &ces. 

Ko  genml  rules  can  be  laid  down  for  surveying 
the  details  of  an  intricate  building,  except  that  in 
many  cases  a  rectangle  may  be  set  out  so  as  to 
enclose  it^  and  the  sides  of  that  rectangle  used  as 
station-lines  from  which  to  take  ofisets  to  the  fiioes 
and  comers  of  the  building.  To  survey  some 
btxildings  completely  it  is  necessary  to  have  access 
to  the  inside*  Fig.  5. 

26.  CtalMd  Triniilcfc — ^It  has  already  been  stated  in  Articles 
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9  and  12,  that  the  relative  positions  of  different  station-lines,  and 
of  the  stations  which  they  connect^  are  determined  by  so  arranging 
them  as  to  form  a  complete  network  of  triangles  over  the  disteict 
surveyed.  In  the  absence  of  angular  instruments,  the  figure  of 
each  of  those  triangles  must  be  determined  by  measuring  with  the 
chain  the  length  of  each  of  its  sides. 

In  fig.  6,  let  AB  represent  a  station-line  whose  length  and 
position  are  known;  0,  a  third  station  lying 
out  of  the  line.  Then  by  measuring  the  two 
remaining  sides,  AC,  BO,  of  the  triangle 
A  B  0,  so  that  the  lengths  of  all  its  three 
sides  may  be  known,  the  position  of  C  is 
determined. 

Agreeably  to  the  principle  already  noted 
in  the  last  article,  that  determination  is  the 
more  accurate  the  less  the  angle  A  C  B  difiTers 
from  a  right  angle.  Supposing  a  certain 
error  to  have  been  committed  in  measuring 
one  of  the  lines  BC  or  AC,  the  consequent  error  in  finding  the 
position  of  C  is  equal  to  the  original  error  if  AC  B  is  a  right  angle ; 
but  if  that  angle  ia  either  acute  or  obtuse,  the  error  in  the  position 
of  C  is  greater  than  the  original  error  in  the  proportion  of  the 
cosecant  of  the  angle  AC  B  to  radius. 

Triangles  in  which  the  angle  at  the  point  to  be  determined  is  less 
than  30°,  or  more  than  150'',  are  said  to  be  "  iU-condUumed,'*  and 
are  avoided  by  skilful  surveyors.  In  an  ill-conditioned  triangle,  the 
error  in  the  position  of  C  is  more  than  double  of  the  corresponding 
error  in  the  measurement  of  a  side  of  the  triangle. 

The  accuracy  of  the  measurements  in  every  important  triangle 
should  be  checked  by  measuring  a  "  tie-lme^^  from  one  of  its  angles 
to  a  known  point  in  the  opposite  side,  such  as  C  D  in  fig.  6.  The 
agreement  of  the  length  of  that  line  with  the  result  of  the  measure- 
ments of  the  sides  may  be  tested  on  the  plan  when  plotted.  It  may 
also  be  tested  by  calculation ;  for  if  all  the  measurements  are  correct, 
the  following  equation  will  be  verified, 

Cpe^^^-^Y/^-^^-ADDB (1). 

27.  OaiM  In  MatioB-iitaM. — A  long  station-line,  otherwise  well 
adapted  for  its  purpose,  may  have  one  or  more  places  in  its  course 
through  which,  owing  to  the  intervention  of  btdldings,  woods, 
precipices,  water,  swamp,  or  other  obstacles,  it  may  be  difficult  or 
impcss'ble  to  chain  along  the  line  with  accuracy;  and  in  some  cases 
also  it  may  be  impossible  to  range  the  line  directly  across  the 
obstacle.     These  difficulties  are  most  readily  met  by  the  use  of 
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angokr  iiutnuneiitB ;  bat  in  the  abaence  of  gach  instnunents,  the 
cblun  alone  may  be  used,  aooording  to  methoda  which  may  be 
yazied  to  suit  the  circumstances  of  each  paiticiihur  case. 

Three  kinds  of  cases  may  be  distingnished : — Finij  those  in 
which  the  obstacle  can  be  seen  over  from  side  to  side,  and  chained 
roimd,  bat  not  chained  across.  Secondly,  those  in  which  it  can 
adther  be  seen  over  nor  chained  across,  bat  can  be  chained 
roond ;  and  TkmUfff  those  in  which  the  obstacle  can  be  seen  over, 
bat  neither  be  <diained  across  nor  chained  roand. 

In  each  of  the  figores  that  illustrate  this  article,  the  inaccessible 
part  of  the  station-line  is  marked  by  dots,  and  the  direction  in 
which  the  measurement  proceeds  is  indicated  by  an  arrow. 

GasbI. — Whsn  the  obttade  can  be  9een  over,  the  first  operation 
IB  to  plant  a  ranging  pole  in  the  station-line  at  the  further  side  of 
the  obstacle ;  and  the  problem  to  be  solved  is,  to  find  the  distance 
to  that  pole  from  some  point  already  chained  to  on  the  nearer 
side. 

FnuT  Method  (By  a  parallel  line,  see  fig.  7). — 
Let  A  and  D  be  marks  at  the  nearer  and  frirther 
aides  of  the  obstacle  respectively.  By  the  optical  square 
or  otherwise,  range  A B,  DO,  at  right  angles  to  the 
stataon-line ;  make  these  perpendiculars  equal  to  each 
other,  and  of  any  length  that  may  be  requisite  in  order  to 
chain  past  the  obstacle  along  B  C,  which  will  be  parallel 
and  equal  to  A  D,  the  distance  required  ;  that  is  to  saVi 

AD  =  BC (1.) 

Rff  7. 
8flcx>HD  Method  (By  a  triangle,  see  fig.  8).— A  and 

D  as  before  being   points  in  the  station-lme  at  the  nearer  and 
farther  aides  of  the  obstacle^  set  out  a  triangle  A  B  0  of  any  form 
and  size  that  will  oonvenienily  enclose  the  obstacle, 
subject  only  to  the  conditions,  that  B  and  0  are  to 
'be  langed  in  one  straight  line  with  D,  and  that  ^*\"*---^p 
the  an^es  at  B  and  C  are  neither  to  be  very      \  — ^e 

•cute  nor  very  obtuse.  Measure  with  the  chain  the        \      j      / 
lengthsAB,  AC,  BD,DC.  Then  the  inaccessible  \    j    / 

distance  A  I)  is  given  by  the  formula.  \i/ 

AD=>y/{^^:^»i^^^:B5-BDCD};(2.)  "t 

the  computation  of  which  will  be  much  &cilitated  ^  g 

by  the  use  of  a  table  of  squares.  * 

That  distance  may  also  be  found  by  plotting  the  triangle  and 
the  point  D  in  its  base  on  a  sufficiently  large  B&de,  and  measiuing 
A  D  on  the  paper. 
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The  figare  of  the  obstacle  may  be  sorvejed  by  offsets  from  the 
ades  of  the  triangle. 

Third  Method  (By  two  triangles,  see  fiig.   9).  —Let  b  and 

c  be  points  in  the  station-line  at  the  nearer 

,     I  and  further  side  of  the  obstacle  respectively. 

i^x  L  ^„     From  a  convenient  station  A,  chain  the  lines 

\      [^"^v^^  A  ^^^^  1       A  6,  A  c,  being  two  sides  of  the  triangle  A  he; 

\     [    Lx^^^      y      connect  those  lines  by  a  line  B  C  in  any 

I  ^^rt^        ^^^^     position  which  will  form  a  well-conditioned 

b'    A  ^  triangle  ABC,   of  as   large  a  size    as    is 

I  practicable:  measure  its  tibiree  sides.     Then' 

s  the    inaccessible   distance   is  given    by  the 

Fig.  9.  formula, 

6c=.y/{A6*  +  Ac«-^A^.(AB*+AC«-BC«}}..(3.) 

The  following  modification  of  this  formula,  though  less  simple  ia 
appearance,  is  better  adapted  to  computation  by  the  help  of  a  table 
of  squares; 

V    \'^''^^        (AB  +  AC)2-(AB-AC)«^ 

(AB«  +  A02-BC«).l  (3A,) 

The  points  B  and  C  are  shown  in  the  first  instance  as  lying 
between  A  and  the  station-line;  but  if  necessary,  they  may  be 
taken  in  the  prolongations  of  A  c  and  A  b  beyond  the  station-line,  as 
at  B'  and  C,  or  in  their  prolongations  beyond  A^  as  at  F'  and  C", 
and  the  same  formula  will  still  apply. 

The  formula  ia  much  simplified  if  A  B  and  A  C  can  be  laid  off  so 
as  to  be  respectively  proportional  to  A 6  and  Ae;  for  then  the 
triangles  ABC  and  Abe  become  similar,  B  C  is  parallel  to  6  c,  and 
the  inaccessible  distance  is  simply 

*-««xi <*•) 

In  this  method,  as  well  as  in  the  preceding,  the  inaccessible  dis- 
tance may  be  found  by  plotting. 

Case  II. —  When  the  obatacU  can  be  chained  round,  but  not 
chained  across  nor  seen  over. 

First  Method  (By  parallel  lines,  see  fig.  10).  —  From  A  and 


^^ 


r»  stATicar-i 


-TRAHSYEBSALa 


«7 


B,  two  ^uArW*^  rtataon-liiie  on  tlie  nearer  ride  of  tlie  obstacle^ 
and  at  In^ttfix  a^^  «^  tlie  distajace  acrcMB  it  ia  judged 
to  be,  lay  off,  Vf  t\ie  opticakl  square  or  otherwiae,  the 
equal  perpeii^cQ^an  A.  C3,  S  T>,  of  length  sufficient  to 
enable  a  stnig\kt  lise  O  X>  E  ¥*,  parallel  to  the  station- 
line,  to  be  nnged  and  cbained  past  the  obatecle.  Com- 
menoe  the  cbdning  oC  ihiB  parallel  line  at  D,  in  con- 
tinuation of  that  of  ihe  stataon-liiie  at  B.  As  soon  as  the 
obstaide  ia  paned,  lay  off  t^e  perpendicular  £  G  equal  to 
A  C  and  B  D;  then  Q  will  \»e  a  point  in  the  station- 
line  beyond  ike  obBtade,  and  the  inaccesaible  distance 
will  be 

BG  =  DE (5.) 


» 


"I 


Fig.  10. 


By  continuing  the  parallel  line  and  repeating  the  same 
prooeaa,  additional  pointa  in  the  station-line,  such  as  H, 
maybe  found. 

Sbcx>kd  Method  (By  similar  triangles,  see  fig.  11). — From  a 
point  A,  as  &r  bock  as  practicable  from  the  end  B  of  the  chained 
station-line  on  the  nearer  aide  of  the  obstacle, 
range  two  diverging  lines  A  F,  A  E,  {laat  the 
two  sides  of  the  obsUcle,  in  which  measure  the 
<Ki^TMw«  A  D,  A  C,  of  two  points  D  and  C, 
which  lie  in  one  straight  line  with  R  Con- 
tinue the  chaining  of  A  F  and  A  £,  and  make 
thoae  distances  re^ectively  proportional  to  A  D 
and  A  C,  so  that  ADC  and  A  F  £  may  be 
rimilar  triangles.  Measure  D  C,  in  which  note 
the  porition  of  B.  Measure  £  F,  in  which 
take  the  point  G,  dividing  £  F  in  the  same 
ratio  in  which  B  divides  C  D ;  then  G  will  be 
a  point  in  the  station-line  beyond  the  obstacle ; 
and  points  still  further  on  may  be  found,  if 
neeeasaiy,  by  a  similar  procesa 

The  inaccesrible  distance  B  G  is  foimd  by  the  formula, 


Fig.  11. 


BG  = 


AB*C£ 
AC     ' 


.(6.) 


Hie  boundariea  of  the  obstacle  can  be  surveyed  by  offsets  from 
the  rides  of  the  quadrilateral  CD  FK 

Third  Method  (By  transversals,  see  figs.  12,  13).  — Let  a  and 
b  be  two  points  in  the  chained  station-line  at  the  near  ride  of  the 
obstacle,  about  as  far  apart  as  the  inaccesrible  distance  6  c  is 
judged  to  be.     Mark  a  station  C  so  as  to  form  a  well-conditioned 
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triangle  with  a  and  h;  prolong  the  lines  6  C  and  a  C  until  two 
points  A  and  B  are  reached  through  which  a  straight  line  can  be 
ranged  and  chained  past  the  further  side  of  the  obstacle. 

In  some  cases  it  may  be  advisable  to  begin  by  choosing  the 
stations  A  and  B,  then  to  choose  C,  and  then  to  range  the  lines 
BCa,  and  A  06  (as  in  %  12),  or  A  6  0  (as  in  fig.  13). 


Mg.  12.  Fig.  18. 

All  the  sides  of  the  two  triangles  A,BC,  abC,  are  to  be 
measured. 

Then,  to  find  the  point  caJtihe  intersectum  of  the  ettUion-line  with 
A  B,  compute  the  distance  of  that  point  from  B  by  one  or  other  of 
the  following  formula  : — 

If  c  lies  in  A  B  produced,  as  in  fig.  12, 

ABaB-6C 


Be- 


CaAb-aB'bC 


If  e  lies  between  A  and  B,  as  in  fig.  13, 


Bc  = 


AB'aB»60 
Ca-A6  +  aB-6C' 


(7.) 


.(7  A.) 


Next,  to  find  the  inaccessible  distance  h  c,  use  the  following  formula 
(which  is  applicable  to  both  figures)  : — 


6c  = 


CAaB-A6BCr 


.(8.) 


The  same  problems  may  also  be  solved  by  plotting  the  figure 
a  6  c  A  B  C  a,  and  producing  a  6  till  it  cuts  A  B,  as  in  Bg,  13,  or 
A  B  produced,  as  in  fig.  12.  In  a  purely  mathematical  point  of 
yiew,  it  is  unnecessary  to  measure  both  A  B  and  a  6,  as  either  of 


to  interrupted  \rf**^^^^«,    or   wl   deep  and  ^ 

mpidriver.   Tlie fa*  <>f7^^^^*  ««  xix  Ciu»  I,  «  to    I 
raigeandfixavo\e»*^«V^8-  ^4)  in    tHe  atation- 
to  beyond  ibe  o\>8^^    The    next   is   to  find  ',\ 
1^  distance  b  e.  ;    \ 

FnarMKraon^Byttaxavcraalay On  the  nearer     ;        \^ 

ade  of  the  ohetacle,  iwxg^  Ui©  stations  A  and  B  in  ^J        /\ 
a  sfcraiffht  hue  ^i^ib  c,  mldng   the    angle  ft  <?  B     r7r--J\ 
greater  than  30",  «ttAp"^™)a»o  that  the  intei^     1/  ^ 

aeding  lines  A  6,  B a,  coimectmg  tkem  with  two  •[! 
ixunts  a  and  6  in  the  statioii-liae,  shall  form  a  pair  1 
^eU-oonditioned  triaiigleaab  C,  A  B  C,  as  in  the  p,-  j^ 

last  problem.    Measure  the  ades  of  these  triangles, 
and  compnte  the  inaeceaaible  distance  6  c  by  equation  8,  already  given. 
As  a  check  upon  the  position  thus  found  for  the  point  c,  com- 
pute also  the  inaccessible  distance  B  c  by  means  of  equation  7. 

This  problem  is  solved  graphically  by  plotting  the  figure  ab 
cABCa,  and  producing  a  b  and  A  B  till  they  intersect  in  c.t 

Secoud  Method  (By  the  optical  square,  when  the  inaccessible 
distance  does  not  much  exceed  three  or  four  chains,  p 

see  fig.  15).  B  D  being  the  inaccessible  distance,  at 
B,  with  the  optical  square,  set  out  B  C  perpendicular 
to  the  station-line,  and  of  a  length  such  as  to  make 
B  0  P  a  well-conditioned  triangle.     At  C,  with  the 


optical  square,  range  C  A  perpendicular  to  C  D, 
catting  the  station-line  in  A  Measure  A  B,  B  C ; 
then 

BD=?-^ (9.) 

^■B  '  Kg.  15. 

•  The  fiJlowiPg  an  the  fcrmnla  far  ralmlating  A B  from  ab: — 

IB  rig.  12;  AB=/^  {®C'+CA«-|^^^5C«  +  C^-a6«)|  . 

InFlg.13;    AB->^  JbO«+CA«+4§^§^.  (6(?+Ca«-«4o}  • 

To  oompiite  a  J  from  A  B,  interehang©  the  poridoos  of  A  end  a,  B  and  i,  ihrough- 
ont  the  above  fororalA' 

f  The  mAntiooB  of  this  and  the  preceding  problem  an  fomided  on  the  fint  theorem 
in  Cwnot'B  cdebrated  ciiay  On  the  Theory  of  Tranivenalt;  a  branch  of  Geometry 
aft  once  annpfe  hi  its  prindplflB  and  naefol  hi  its  appUcatioos,  but  little  known  or  studied. 

The  cakoUUion  represented  by  the  formnbi  7,  when  each  of  the  given  distances  is 
cxpMBMd  bj  tout  agm,  has  been  faond  to  occupy  aboat  five  minntes. 
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Methods  for  measuring  gaps  in  station-lines  by  the  aid  of  angular 
instruments  will  be  explained  in  Chapter  TIL 

28.  FieM-B**k. — The  writing  and  sketching  in  field-books  is 
made  either  with  ink  or  with  an  indelible  pencil  If  the  book  can 
be  protected  from  rain,  ink  is  to  be  preferrei 

The  field-bopk  of  a  survey  should  commence  with  a  sketch 
showing  the  general  arrangement  of  the  stations  and  station* 
lines  relatively  to  the  more  conspicuous  objects  on  the  ground  to 
be  surveyed,  made  by  the  surveyor  when  he  explores  the  country, 
as  mentioned  under  head  (a)  of  Article  12,  page  12.  Those  stations 
may  be  distinguished  by  letters  or  by  numbers.  Principal  stations 
are  usually  marked  thus  /^.  The  remainder  of  the  book  will  con- 
tain the  detailed  notes  of  the  distances  chained  along  the  several 
station-lines,  and  the  offsets  measured  from  them. 

In  order  that  forward  and  backward,  right  and  left,  on  the 
ground,  may  be  represented  by  forward  and  backward,  right  and 
left,  in  the  book,  the  successive  notes  written  on  each  page  begin 
at  the  bottom  and  proceed  towards  the  top;  and  the  pages  are 
numbered  fi*om  right  to  left'  In  the  middle  of  each  page  is  a 
vertical  column  broad  enough  to  contain  numbers  of  five  or  six 
figures.     That  column  represents  the  station-lina 

The  surveyor  begins  at  the  bottom  of  the  first  page,  by  writing  in 
the  central  column  a  letter,  or  other  mark,  to  denote  the  station  at 
which  the  line  about  to  be  chained  commences,  and  beside  it,  a 
note  stating  between  what  stations  the  line  runs  :  for  example, 
"from  A  to  B.*'  As  the  chaining  advances,  he  notes  in  the  central 
column,  proceeding  upwards,  the  distances  at  which  the  station-line 
crosses  boundaries,  and  traverses  intermediate  stations,  and  at 
which  offsets  are  taken.  Each  distance  of  an  intermediate  station 
from  the  commencement  is  distinguished  by  enclosing  it  in  an 
oblong  or  oval,  and  writing  opposite  to  it  the  designation  of  the 
station,  together  with  a  reference  to  the  other  pages  of  the  field- 
book  in  which  the  same  station  is  referred  to,  and  a  note  of  its 
position  upon  other  station-lines  which  traverse  it  To  the  right 
and  left  of  the  central  column  are  written  the  offsets  measured  to 
the  right  and  left  respectively,  each  opposite  the  figures  denoting 
its  distance  from  the  commencement  of  the  line  ;  and  those  ofi^ts 
are  accompanied  by  a  sketch-plan  of  the  objects  to  which  they  are 
measured,  with  explanatory  notes  when  required. 

On  arriving  at  the  end  of  a  station-line,  the  relative  direction 
of  the  next  line  chained  may  either  be  stated  in  words — as,  "turn 
to  the  right,"  "  turn  to  the  left  "—or  indicated  by  symbob  like  the 
following :  \k  ^»  At  the  commencement  of  each  new  station- 
line  will  be  stated  the  position  of  the  point  from  which  it  starts 
upon  a  former  station-line. 
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Oblique  ofiseta,  small  triangles,  measorements  of  Iraildings,  and 
the  like,  are  best  recorded  by  sketching  a  diagram  of  the  lines 
measured,  and  writing  their  lengths  along  them. 

The  preceding  explanation  shows  the  general  principles  accord- 
ing to  which  field-books  of  chained  surveys  are  kept  The  details 
vary  very  much  in  the  practice  of  individual  surveyc^rs.  It  ui  to  be 
zeoommended  that  every  surveyor  should  keep  his  field-book  so 
distinetiy  that  it  may  be  possible  for  a  draughtsman  to  plot  the 
survey  fiom  the  field-book  without  receiving  any  explanation  from 
the  surv^or. 

29.  Ptoitias  a  €iHd»«4  Sarvcr. — In  plotting  a  survey,  great  atten- 
tion should  be  paid  to  the  absolute  flatness  of  the  drawing-board  or 
table  on  which  the  paper  is  to  be  strained  or  laid,  and  to  the  perf(*ct 
straightneas  of  the  straight-edge  by  which  station-lines  are  to  be 
ruled. 

If  the  plan  is  to  be  mounted  on  cloth,  the  paper  should  be 
.  motmted  before  the  plan  is  plotted;  otherwise  the  mounting  will 
alter  its  dimensions.  On  the  whole,  it  is  better  not  to  '*  strain  "  the 
paper  on  which  a  survey  is  plotted  on  a  drawing-board,  in  the  way 
pfactised  for  architectural  and  mechanical  drawings ;  becawie,  when 
the  paper  is  cut  away  from  the  board,  and  so  relieved  from  the 
strain,  it  will  oontiraet,  and  perhaps  contract  unequally  in  different 
directions. 

Each  day^'s  work  should  be  plotted  as  soon  as  possible  after 
having  been  surveyed 

The  scale  according  to  which  the  survey  is  plotted  should  at 
once  be  drawn  on  the  plan,  when  it  will  contract  and  expand  along 
with  the  paper. 

The  plotting  is  commenced  by  marking  with  a  needle  or  pricker 
a  point  to  represent  the  first  station;  drawing  a  straight  line 
through  that  point  to  represent  the  first  station-line,  and  laying 
down  on  that  fine,  with  a  pair  of  beam-compasses,  the  positions  of 
the  other  stations  which  it  traverses. 

The  operations  which  foUow  consist  chiefly  in  plotting  triangles, 
and  plotting  distances  and  offsets. 

30.  PiMiiiit  TfiMgliw — The  great  triangles,  whose  sides  connect 
the  principal  stations,  are  to  be  first  plotted :  then  the  secondary  tri- 
an^es,  until  the  whole  network  is  completed.   The  ^ 
operation  oi  plotting  a  triangle  whose  three  sides              /  \ 

^ve  been  measured  is  as  follows: — ^A  and  B,  /     \ 

%.  16,  lepresent  two  stations  already  plotted;  /        \ 

the  distances  A  C,  B  C,  of  a  third  station  from  '—^'^ ^n — 

those  stations  are  known.     With  these  distances  ^  ^^ 

as  ladii,  describe  with  the  beam-compasses  a  pair  of  small  cii'cular 

ms  about  A  and  B  xespectively;  tiio  intersection  of  those  arcs 
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marks  the  required  station  C  on  the  plan.  Then  with  the  straight- 
edge role  the  lines  A  0,  B  C,  and  the  triangle  is  complete. 

It  is  usual,  for  the  satisfaction  of  the  engineer,  and  for  future 
reference,  to  draw  permanently  on  the  plan,  in  a  faint  red  colour, 
the  principal  station-lines,  forming  the  primaiy  network  of  triangles. 
Those  lines  are  sometimes  called  "  lines  of  construction.*'  In  some 
cases  it  is  useful  to  draw  permanently  in  the  same  way  a  portion 
of  the  secondary  network  of  triangles :  so  £kr,  at  least  as  they  can 
be  used  in  computing  areas. 

When  the  plan  of  a  survey  extends  over  several  sheets,  it  is 
necessary,  in  order  to  show  the  connection  between  two  adjacent 
sheets,  that  a  portion  of  at  least  one  station-line,  containing  at 
least  one  principal  station,  should  be  plotted  on  each  of  the  two 
sheets. 

*31.  In  PI«ttiBs  Distances,  Offsets,  and  Details,  a  flat  ivory  Or  box- 
wood  scale  is  laid  on  the  paper  exactly  parallel  to  the  station-line, 
and  loaded  to  keep  it  at  rest:  the  divisions  marked  on  its  edge 
represent  distances.  A  shorter  flat  scale,  having  broad  ends  exactly 
perpendicular  to  its  edges,  is  laid  on  the  paper  with  one  end  against 
the  edge  of  the  scale  for  distances :  it  is  slid  successively  to  the 
several  distances  from  the  station  noted  in  the  field-book,  and  the 
offsets  are  laid  down  by  pricking  with  a  needle  opposite  the  proper 
graduations  on  one  of  its  edges.  Care  should  be  taken  that  the 
offset-scale  is  exactly  rectangular. 

Oblique  of^ts  are  plotted  like  the  sides  of  triangles. 

In  estate  plans,  on  a  large  scale,  different  kinds  of  fences,  such 
as  stone-walls,  hedges,  palings,  (be,  are  distinguished  from  each 
other  by  conventional  modes  of  marking;  but  in  plans  for  engineer- 
ing projects,  it  is  sufficient  to  distinguish  between  fenced  and  iin- 
fenced  lines  of  division  of  land,  marking  the  former  by  plain  and 
the  latter  by  dotted  lines.  In  working  plans  on  a  large  scale,  walls 
may  be  shown  of  theii*  proper  thickness,  and  coloured  red.  Boun- 
daries of  parishes,  counties,  boroughs,  and  other  legal  divisions  of 
the  country,  are  marked  with  peculiarly  shaped  and  arranged  dots. 
Eoads  are  coloured  drab ;  streams  and  pieces  of  water  light  blue, 
with  a  darker  shade  along  their  edges.  Dwelling-houses  are  col- 
oured light  red,  out-buildings  dark,  grey,  public  buUdings  light  grey. 
In  engraved  plans  buildings  are  shaded  by  diagonal  hatching. 
BaiLwayB  are  marked  by  parallel  lines  representing  rails ;  and  in 
some  cases  these  are  crossed  by  short  fine  lines  to  indicate  sleepers. 
Canals  are  distinguished  from  streams  by  their  greater  uniformity 
of  width  and  regularity  of  course.  Trees  are  indicated  by  sketch- 
ing small  figures  somewhat  resembling  them. 

There  are  conventional  modes  of  indicating  the  nature  of  the 
surface  of  the  ground,  whether  garden  ground,  arable  land,  pasture, 
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marah,  heath,  and  the  like ;  but  in  plans  for  engineering  projects  it 
is  sufficient  to  refer  by  numbens  written  on  the  plan  to  correspond* 
ing  numbers  in  the  book  of  reference,  in  which  are  stated  th«* 
owner  or  reputed  owner,  lessee  or  reputed  lessee,  occupier,  and 
description  of  each  portion  of  property  shown  on  the  plan. 

32.  JHcinnrtac  Afoub — ^The  elementaiy  methods  of  measuring 
areas  which  are  useful  in  surveying  are  of  three  kinds: — ^the 
method  of  triangles, — ^the  method  of  ordinates, — and  the  method 
by  mechanism. 

I.  Method  of  Tritrngles. — Let  a,  b,  e,  denote  the  lengths  of  the 
sides  of  a  triangle,  and 

a+6-f  tf 
•  =  -2—' 

the  hal/'gum  of  those  lengths ;  the  area  of  the  triangle  is  given  by  the 
formula—- 

Ai«i=  J»(*-a)(*-6)(.-c); (1.) 

or,  vdag  logarithma — 


(2.) 


kg.area=^  jlog.#  +  log.(#-a)  +  log.  (*-6)  +  lqg.  (*-c)t  (2 

Another  formula  is  as  follows :  let  a  be  any  one  of  the  sides  of  a 
triangle;  p  the  perpendicular  upon  that  side  from  the  oppoBite 
ang^;  then:— 

A«a  =  ^. (3.) 

Every  right-lined  figure  can  have  its  area  calculated  by  dividing 
it  into  triangles,  computing  their  areas  by  one  or  other  of  the  pre- 
ceding formulae,  and  adding  them  together. 

The  areas  of  figures  with  curved  outlines  can  be  found  approxi- 
mately by  this  method,  preceded  by  the  process  called 
'< equalizing;'*  which  consists  in  drawing  through  the 
curved  boundaries  a  set  of  straight  lines  so  as  to  en- 
close, as  nearly  as  the  eye  can  judge,  the  same  area. 

IL  The  Method  ofOrdi/nates  is  applicable  to  a  long 
piece  of  ground  of  varying  breadtl^  such  as  the  stripe 
of  land  required  for  a  railway,- -or  the  area  repre- 
sented in  fig.  17.  An  axis  is  drawn  along  the  greatest 
length  of  tiie  figure;  breadths  are  measured  along 
ordmates  at  right  an^es  to  that  axis,  sufficiently  close 
together  to  make  the  spaces  between  them  approxi- 
mate to  trapezoids.  Then  let  d  be  the  distance  along 
the  axis  between  two  adjacent  ordinates,  and  6,  &',  the 
breadths  of  the  figure  at  those  ordinates;  the  area  con- 
tained between  that  pair  of  ordinates  is —  ^  ^^' 

D 
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h  +  h' 

-2-d; 

and  the  area  of  the  whole  figure^  heing  the  sum  of  the  areas  of  the 
paiis  into  which  it  is  divided  by  ordinates,  is  expressed  as  follows : — 


Area  =  2(*-±^-rf); (4.) 


'^  being  a  sjrmbol  of  summation. 

If  the  ordinates  are  at  equal  distances  apart,  all  the  values  of  c^  are 
equal,  and  the  preceding  formulse  becomes 

Area=^^'  +  6i  +  6j  +  63  +  &c...  +  2"y^; (5.) 

b^  and  5.  being  the  breadths  at  the  two  ends  of  the  figure,  and  b^f 
b^,  &c.,  the  intermediate  breadths. 

A  modification  of  the  last  formula,  founded  on  the  assumption 
that  the  lateral  boundaries  of  the  figure  consist  of  short  parabolic 
arcs,  is  as  follows,  the  number  of  divisions  being  even : — 

Area=  J6.  +  6.  +  2(62  +  6^  +  &c....)  +  (46i  +  63  +  (fec...)|  .^...(e.) 

The  most  accurate  way  to  find  the  areas  of  all  the  pieces  of  land 
included  in  a  survey,  is  to  use  the  dimensions  as  given  in  the  field- 
book  alone,  calculating  the  areas  of  the  triangles  by  formula  1  or  2, 
and  the  areas  of  the  stripes  of  land  lying  between  the  station-lines 
and  the  fences  surveyed  from  them  by  formula  4,  in  which  b  and  6' 
are  to  be  taken  to  represent  a  pair  of  adjacent  ofi[sets,  and  d  the 
distance  between  them. 

This  process,  however,  is  very  laborious,  and  may  in  many  cases 
be  dispensed  with,  by  equalizing  boundaries  and  taking  measure- 
ments on  the  plan. 

III.  Method  by  Mechmmm, — Instruments  for  measuring  areas 
on  plans  by  mechanism  are  called  "  Plani- 
meters"  and  "Platometers;"  and  several 
have  been  contrived  by  different  in- 
ventors; amongst  others.  General  Moiin 
and  Mr.  Sang. 

The  simplest  Planimeter  is  Amstler's, 
of  which  a  sketch,  showing  its  general 
principle,  is  given  in  fig.  18.  A  is  a 
loaded  disc  which  rests  on  the  table, 
and  serves  as  a  fixed  support  for  the 
p.'S^-^  instrument.     In  its  centre,  at  B,  is  an 

'  upright  pin,  upon  which  turns  the  arm 

B  C,  to  which  at  C  is  hinged  the  arm  C  D  j  so  that  the  tracing 
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{Mnnt  at  D  can  be  moved  in  all  dlrectionB  over  the  paper.  Exactly 
in  the  straight  line  O  D  is  the  axis  £  of  the  small  wheel  F,  whose 
edge  rests  on  the  paper. 

When  the  tracing  pjint,  D,  is  carried  round  the  outline  of  anj 
figure,  such  as  G  H  I,  so  as  to  return  finally  to  the  point  from  which 
it  started,  it  can  be  proved,  that 

DuOance  rolled  by  the  edge  of  the  whed  F  =  -^^^^& 

and  consequently  that 

Area  of  Figure  =  C  D  x  Distance  rolled  by  the  wheel  F. 

CD  is  a  measured  constant  length.  The  distance  rolled  by  the 
wheel  is  measured  by  a  graduated  circle  and  vernier  at  one  side  of 
the  wheel;  the  number  of  complete  revolutioiLS  being  recorded  by 
another  wheel,  driven  by  an  endless  screw  on  the  shaft  E,  This 
▼heel  and  screw  are  omitted  in  the  sketch.  In  Britain,  the  gradua- 
tions on  the  circle  usuaUy  represent  square  inches  of  area  ou  the 
paper. 
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CHAPTER  III. 

OF  SUBYETING  BT  ANGULAB  MEASUREMENTS. 


33.   SaMBHUT  of  TrIgoBOMeiHcal  WwmnUb  HMd  ta  Saireriac* 

I.  Relations  between  Angles  cmd  Arcs. — The  angle  or  difference  of 
direction,  BAG,  between  two  straight  lines,  A  B,  A  C,  which  meet 
at  the  point  A,  is  expressed  as  a  qtiantity,  as  is  well  known,  by 
stating  how  many  of  certain  aliquot  parts 
of  a  right  angle  it  contains;  those  parts 
being,  the  de^ee,  or  ninetieth  part  of  a 
right  angle,  the  minute,  or  sixtieth  part  of 
a  degree,  the  second,  or  sixtieth  part  of  a 
minute,   and  the  decimal  fractions  of  a 
second.     This  mode  of  expressing  angles 
is  the  most  convenient  for  trigonometrical 
calculation.     Another  way  of  representing 
^'     '  the  same  method  is  to  conceive  that  a 

circle  D  E  F  is  described  about  A  in  the  plane  of  A  B  and  A  0  with 
any  radius;  that  the  circumfei'ence  of  that  circle  is  divided  into 
360  equal  arcs  called  degrees,  each  degree  into  60  minutes,  each 
minute  into  60  seconds,  and  so  on :  and  that  the  number  of  such 
divisions  of  the  circle  contained  in  the  arc  D  E  which  subtends  the 
angle  B  A  C  is  ascertained. 

A  second  method  of  expi*essing  the  angle  B  A  0  is  to  take  the 
ratio  which  the  circular  arc  D  E  subtending  it  bears  to  the 
radius  A  D.  In  this  case  the  angle  is  said  to  be  expressed  in 
terms  of  arc  to  radius  unity.  This  method,  though  less  simple 
than  the  former,  and  less  commonly  employed,  is  useful  in  certain 


The  two  methods  of  expressing  the  same  angle  are  compared  with 
each  other  by  the  aid  of  our  knowledge  of  the  ratio  which  the 
circumference  of  a  circle  bears  to  its  diameter :  which  ratio,  although 
it  cannot  be  expressed  with  absolute  exactness  by  any  number  of 
arithmetical  figures,  can  be  calculated  to  any  required  degree  of 
accuracy  by  successive  approximations.  It  has  been  computed  to 
about  250  places  of  decimals;  but  seven  places  of  decimals  are 
sufficient  for  ordinary  purposes.  The  following  table  gives  that 
ratio  to  eight  places  of  decimals,  with  its  common  logarithm,  and 
several  ratios  and  logarithms  deduced  from  it : — 
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BatloiL         Lognitlmii* 
Ciicmn&renoeof  a  circle  to  diameter  1  ;1 

=  Length  of  a  Beraicircle  to  ladius  1 ;  >  3'^4^59^^S  <^'497i499 

sArea  of  a  circle  to  radius  1  =  «';) 

'^t'^^t*^'^'*!^*}  f--5707963a  oi96,.99 

^l^^."!:".^T".l!^]  =I^  =  «»-°'7453a9  834.8774 

^^t°l^ .""* "—*!'. '"^1  ooooa9o888a  6-4637a6i 

^"^t!^."!!*."!:"!!^.*!*..":}        0-000004848137  4-6855749 
AiceqnaltoradiiiSyexpreflsediiid^reefly         57°'*957795  17581226 

—  —  —    in  minutes,     3437  "747  35362739 

—  —  —    in  seconds,  306264" '8  5-3144254 

—  —  —    in  degrees,  )       o  ^y     ..3 

minutes,  and  seconds,)  ^'      '   ^^ 

—  —  —      in  decimal)     1  _   ,         ^^  q 
fractions  of  the  circumference, I  2»~      ^  ''"^    ^ 

8aif2u»  of  a  hemisphere  to  radius  1 ;  ...     2»=6-283i8-3  07981799 

The  indices  of  the  logarithms  of  fractions  in  the  al>oye  table  are 
affixed  according  to  the  system  which  is  employed  in  trigonometrical 
calculations  in  order  to  avoid  negative  indices;  that  is  to  say,  the 
index  in  each  case  is  the  complement  of  the  proper  negative  index 
to  10;  or  the  logarithm  is  that  of  the  product  of  the  fraction  into 
10,000,000,000. 

The  '^  centesimal**  division  of  the  quadrant  into  100  degrees  or 
"grades,"  10,000  minutes,  and  1,000,000  seconds  is  now  nearly 
obsolete,  even  in  France. 

XL  EdaUona  amongst  Trigtmometriccd  Functions  of  One  Angle. — 
The  simplest  mode  of  defining  the  trigonometrical  functions  of  a 
given  angle,  such  as  the  sine,  cosine,  dec,  is  to  state  that  they  are  the 
ratios  to  each  other  of  the  sides  of  a  right-angled  triangle  containing 
the  given  angla  Another  mode,  and  the  more  common,  is  to  state 
that  they  are  represented  by  lines  drawn  in  particular  positions  with 
respect  to  a  circular  arc  of  the  radius  unity,  subtending  the  given 
angle. 

In  fig.  20,  and  also  in  fig.  21,  A  B,  A  C,  are  a  pair  of  straight 
tines  making  with  each  other  an  acuie  angle,  BAG. 

In  fig.  20,  C  is  any  point  whatsoever  in  one  of  those  lines,  and 
C  B  a  perpendicular  let  fall  from  that  point  upon  the  other  line,  so 
M  to  form  a  right-angled  triangle,  ABC. 
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In  fig.  21,  a  circle  of  the  radius  unity  is  descril)ed  about  A, 
cutting  off  from  each  of  the  two  lines  a  part  equal  to  the  radius, 
viz. : — 

AD  =  AC=1. 
A  F  is  a  third  radius,  perpendicular  to  A  D. 

C  B  and  C  H  are  perpendiculars  let  fifdl  from  C  upon  A  D  and 


Fig.  20.  Tig,  21. 

AF  5VK]iectively;  DE  and  FG  are  straight  lines  touching  the 
circle  ut  D  and  F  (perpendicular,  therefore,  to  A  D  and  A  F),  and 
cutting  A  C  produced  in  E  and  G  respectively. 

Then  the  definitions  of  the  several  trigonometrical  functions  of 
the  angle  BAG,  according  to  the  two  methods,  are  as  follows : — 

In  Fig.  21. 

AG  ^^  =  ^^ 

AB 

AC  

AG-AB 


Sine, 


(josine, 


In  Fig.  20. 
BG 


.AB  =  CH 


Versed  Sine, ... 
Govcrsiid  Sine,  , 


TaTigetitj     . 
Cotiuigont, , 


Socautj   , . 
Cosecant, 


AC 

AC-BC 

AC. 

BC 

AB 

AB 

BC 

AC 

AB 

AC 

BC 

.BD 


.HF 


.DE 


.FG 


.AE 


.AG 


In  fig.  20,  the  angles  B  A  C  and  B  C  A  are  complementary  to 
each  otlier,  being  together  equal  to  a  right  angle ;  so  also  are  tho 
angles  B  A  C  and  G  A  F  in  fig.  21 ;  and  when  this  relation  exists 
Iwtwepii  a  pair  of  angles,  the  sine  of  each  is  the  cosine  of  the  other, 
and  so  of  all  the  other  functions  by  pairs. 
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Denotiiig  ihe  angle  B  A  C  for  brevity's  sake  by  A,  the  following 
eqoa^ns  give  the  most  important  relations  amongst  its  trigo- 
nometrical functions: — 

idnA=  Vl— oo8*A  =  ^^=— ^; (1.) 

sec.  A       cosec  A 

C08A=  n/1 — sm*  A  =  T-= r-; (2.) 

oudecA        sec  A 

versinA  =  l  — GosA  ; (3.) 

ooversin  A=:  1  —  sin  A  ; (4.) 

tanA  =  55L4i=_J— -  =  8inA-secA=:  Vs^A— 1;(5.) 
COS  A      cotan  A 

oiitanA==  ^^= -J_==oo8A -cosee  As=  V"cosec«'A  — 1  ^ 

sin  A     tan  A  ' 

8ecA  =  --^--   =  Jl  +  tan«A; (7.) 

cosA  ^    ' 

008ecA=  -,-i— .  =v^l  +  cotan2A~ (8.) 

sin  A  ^    ' 

The  trigonometrical  functions  of  an  obtuse  angle  are  defined  sh 
follows : — 

In  fig.  20,  and  also  in  fig.  21,  let  A  c  be  a  straight  line  making 
with  the  line  B  A  prodvced  beyond  A  an  angle  6  A  c  =  B  A  C. 
Then  the  obtuse  angle  B  A  e  is  the  suppUmitnt  of  the  aoute  angle 
BAG,  and  is  denoted  by 

180*  — A 

From  c  in  both  figures  let  fall  c  h  perpendicular  to  A  6.  In  fig. 
21.  draw  c  H  perpendicular  to  A  F,  and  the  tangents  d  e^  F  </, 
cutdng  A  c  produced  in  e  and  g. 

Then  in  fig.  20,  the  right-angled  triangle  A  6  6  is  similar  to 
ABC;  and  in  fig.  21,  the  combination  of  lines  on  the  right  of  A  F 
IB  similar  and  equal  to  the  combination  of  lines  on  the  left ;  from 
which  it  appears,  that  all  the  trigonometrical  functions  of  the  obtuse 
angle  180<>  —  A  (with  one  exception  to  be  presently  pointed  out), 
ire  equal  in  numerical  value  to  the  corresponding  functions  of  it» 
supplementary  acute  angle  A  The  one  exception  is  the  versed 
ane,  which  in  fig.  21  is  represented  by  D  6  =  A  D+ A  6  =  2  A  D 
-DB. 
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In  order  the  better  to  distinguish  between  trigonometrical 
functions  of  acute  and  obtuse  angles,  the  principle  is  adopted, 
that  inasmuch  as  A  B  and  A  5  (in  both  figures)  lie  in  opposite 
directions  from  A,  they  shall  be  regarded  as  having  opposite 
signs  : — that  is,  A  B  being  positive,  A  6  is  negative ;  which 
amounts  to  laying  down  the  rule,  that  cosines  of  obtuse  angles  are 
rtfjjatitTe.  The  following  are  the  relations  between  the  trigo- 
tiometrical  functions  of  an  obtuse  angle  180°  —  A,  and  its  sup- 
pi  etnentary  acute  angle  A,  which  arise  firom  that  rule  : — 

8m(180*>  — A)=:sin  A; 

cos  (ISOo  _  A)  =  —  cos  A; 

versin  (180°  —  A)  =  l+cosA  =  2  —  versin  A ; 

covendn  (180**  —  A)  =  coversin  A ; 

Uiii  (180«  — A)  =  — tanA; 

cotan  (180*»  —  A)  =  —  cotan  A ; 

sec  (180o  —  A)  =  —  sec  A; 

ea»ec  (180o  —  A)  ^  cosec  A. 

From  these  equations  it  is  to  be  understood,  that  in  applying  to 
obtti^e  angles  trigonometrical  formul»  which  were  originally 
inUi)iUi}d  for  acute  angles,  the  algebraical  signs  of  all  sines  and 
co^^cants  of  such  angles  are  to  be  kept  unchanged,  and  those  of 
L«u oilier',  tangents,  cotangents,  and  secants  reversed. 

in  iiiialytical  geometry  a  further  distinction  is  drawn  between 
thi^  dtieji  of  angles,  whether  acute  or  obtuse,  lying  to  the  right  and 
left  uf  a  fixed  direction,  which  are  regarded  as  positive  and  negative 
riiwi^ectively.  In  geodesy  it  is  unnecessary  to  introduce  that  dis- 
tinction, except  in  one  case,  to  be  explained  afterwards. 

III.^ — Trigonometrical  Functions  of  Tvx>  Angles. 


iiu  A  =  2  sin  -^ .  cos  -  = 


cotan- -+  tan 
2 


r^' 


— C082A 


2 


.(10.) 


tX>£*  A  =  COB- 


«A 


2 


sin* 


=  1  —  28in2  ^_  =  2cos«^  —  1  =  1 


cotan  -X-  —  tan  -^ 

A  A 

cotan  —  4-  tan  — 

:J  ^  2 


=v 


1  +  cos  2  A 


Kii) 


A 
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torn  A—  A^ -A    /  1— C062A        1 

""cotan-^  — tan^"*"  V    I+cob^A" | 

^  2  V(12.) 

gin  2  A       _  L"r_5?*  ^  ^ 
1  +  C08  2A'"      8iii2A  "  J 

Let  A  and  B  be  anj  two  aDgle& 

ain  (A  +  B)  =  Hin  A  cos  B  +  cos  A  sin  B ; (13.) 

sin  (A  —  B)  =  8m  A  cos  B  —  cos  A  sin  B; (14.) 

oos(A  +  B)=:co8  A  cos  B —  sin  A  sin  B; (15.) 

ooe(A  — B)  =  co8  A  coe  B  +  nn  A  sin  B; (16.) 

tan(A  +  B)=  *^^+;y-?   • (17.) 

1  — tanA  tan  B 

tan(A-B)=-*ff-^::^^    ; (18.) 

^  ^      1+tonAtan  B'  ^     ^ 

rinA  +  8inB  =  2  8mA+?.cos  ^~?:...  (19.) 
2  2 

sin  A  —  sin  B  =  2  sin  ~7"-?.  cos  ^-"^  ^; (20.) 

2  2 

oo«A  +  co8B  =  2oo8  ^^4^.  coe  Aj^l?;  ...  (21.) 
^  2 

oosB  — coaA  =  2Bin^^ri?.8in  A+^;. ..  (22.) 
2  2  ^     ^ 

tan  A  +  tan  B  r=  5L(^±J)  ; (23.) 

oosA.cosB'  ^      ^ 

tanA-tanB=    «^(A-B), ^34.) 

cos  A  cos  B 

cotanA  +  cotanB=?!"4— t^^; (25.) 

sin  A '  sin  B  ' 

cotanB— cotanA  =  ?5L(^^Zl_^); (26.) 

sin  A  sin  B  ^      ' 
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sin*  A — 8in*B  =  cos*B  —  cob*  A  =  sin  (A  — ^)  'lm\ 


Bin(A+B);. 

cos*  B  —  sin 
co8(A  +  B); 

tan*A-tan*B=  8m(A~B)sin(A +B)  ^^^ 


cos*  A  —  sin*  B  =r  cos*  B  — ^sin*  A  =  cos  (A  —  B)  )  .^a  \ 


cos*  A  '  cos*  B 

cotan»B-coton«A  =  ?^T:^?"^±^; (30.) 

siu^  A  •  sin*  B 

IV.  Farm/ulce  far  the  Solution  of  Plane  Triangles. — All  thet«» 
forouila  are  deduced  from  the  two  following  principles : — 

Tlie  sum  of  the  three  angles  of  a  plane  triangle  is  equal  to  twci 
rigljt  anglea 

The  sides  of  a  plane  triangle  are  proportional  to  the  sines  of  the 
opposite  angles. 

When  the  computations  are  to  be  made  without  the  aid  of 
logarithms,  the  simplest  formulae  are  the  best ;  but  when  logarithms 
ai-f^  used,  formulce  of  greater  complexity  are  often  employed,  in 
ordi'F,  us  far  as  possible,  to  dispense  with  additions  and  subtrac- 
tious^  and  make  the  calculation  consist  of  multiplications  and 
ili  visions. 

Fig.  22  represents  a  plane  triangle,  whose  three  angles  are 
denoted  by  A,  B,  C,  and  the  three  sides 
respectively  opposite  them  by  a,  b,  c. 

The  following  equations  express  in  vari- 
ous forms  the  relation  between  the  three 
angles,  and  enable  this  problem   to    be 

-^^ 4     solved,  given,  ttoo  of  the  angles,  or  trigono- 

Fig.  22.  metrical  functions  of  them :  to  find  the  third 

mifjlej  or  a  trigonometrical  function  of  it. 

A  +  B  +  C  =  180^ (31.) 

Let  A  and  B  be  given ;  then 

C  =  180°  — A  — B; (32.) 

sinC  =  sin(A  +  B);  cos  C  =  — cos  (A  +  B);  ...  (33.) 

^      ^     tanA+tanB    .      C  .      A  +  B       .^.. 

^  ^  =  te^At^B=i>-*^  ^-  =  ^-^^  -2-'  -  (^^•) 
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theg^mi^>c^^«  other  *wo  aide«  are 

WLTi  S  sin  C  .«,  . 

b=a- ^  ;   c  =  €»  •  -.".  ; (35.) 

Bin  A.  Bm  A 

=  \oga  4-  log  sin  B  — log  am  A;)  (35  jl^ 

=  \oRa  4-  log  sin  C -log  sin  A.  j  ^         ' 


tc  = 


Pboblek  Sicow).— ^ —    ,       .        .    ,    ■!  J  "     1 

gN«^  let  a,  b,  \)e  ^e  gvvei^i   sides,   C  the  given  included  angle  ; 

then 
1.  To  find  tlie  third  nde,  tlie  sdinplest  formula  is, 

c=  J(^a«  +  l>*-2a6co8C)i  (^^O 

(obaorving,  that  if  C  is  obtuse,  the  third  term  within  the  bracketa 
is  to  he  added  instead  of  aubtracted). 

But  thia  foTia\ila  being  unaxutable  for  loganthmic  calculation, 
one  or  other  of  the  following  proceaaes  is  substituted  for  it. 

Rret  Method: — 

nMkeanD^^^^-.cos^;  then 

e  =  {a-^b)  cos  D (37.) 

Second  Method:— 

make  tan  E=?J^/^.  sin  ^;  then 
a  —  6  2 

c  =  (a-6)BecE. (38.) 

2.  Tojvnd  the  remaining  angles,  A  and  B. 

If  the  third  side  has  been  computed, 

ffln  A  =  ~  •  sin  Cj  sin  B=  —sin  C  (39.) 

c  c 

If  the  third  side  has  not  been  computed, 

A  +  B        ,     C   ^      A-B    a-6     .      C  ^ 

tan--2-=cotan2;tan-^=-^-^-cotan^-,l 

,     A  +  B    A-B    ^    A  +  B    A-B  (  ^ 
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Problem  Third. — WImb  the  Three  8Uea  mn  «lTeM« 

To  find  any  one  of  the  angles,  such  as  C^  the  simplest  formula  is 
the  following  : — 

^     a^-\-b^-€^  ,.,  . 

^^=-2"arr-^ ^^^^ 

but  this  formula  being  unsuited  for  logarithmic  calculation,  one  or 
other  jf  the  four  following  formulae  is  employed  instead  when 
liVgiiriUitnB  are  used.  Let  the  half-sum  of  tlie  sides  of  the  triangle 
be  denoted  by 

a-\-b  +  c    ^, 
8  =  — ^ ;  then 


'''*'2"  V  •    «6     ''"''2-V ab        • 


^n^^  =  ^yt^L_.  tan^  =  \/' 


-a){s-b)     ^ 
ab        •     I 

{»-<»)  {»-f>)\ 
a  {a-c)     J 


(42.) 


c  c  c 

When  ;5  is  a  large  angle,  the  expressions  for  cos  ;r  and  cotan-  ^, 

are  thfi  most  convenient  in  calculation:  when  it  is  a  small  angle, 

C  C 

thosie  for  sin  -^  and  tan  ^  are  to  be  preferred.     A  fifth  formula,  less 

used  than  the  preceding,  is 

sine  =  2yi5z5IpM3; (43) 

a  0 

but  this  IB  unsuitable  if  C  is  nearly  a  right  angle. 

PEOGI.EH  Fourth. — Xwe  SI4m  siTea,  AMd  the  JUif^  epFeeile  eae  ef 

them. — In   fig.  23,  let  A  be  the  given  angle, 
and  a,  c,  the  given  sides,  of  which  a  is  opposite 
A     The  sine  of  the  angle  opposite  c  is  given  by 
Fig!  23.       "   the  expression, 

i.sinA; (44.) 

a 

but  this  may  apply  either  to  the  acute  angle  C  or  to  its  supplement, 
the  obtuae  angle  C'=  180**- C;  C  and  O  being  the  two  points  in 
the  utimight  line  A  C  C  which  are  at  the  distance  a  from  R  UnlesH, 
then^forp,  it  is  known  by  observation  whether  the  angle  opposite 
thtt  iiicie  c  is  acute  pr  obtuse,  the  solution  of  the  problem  is  ambigu- 
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(m.  Shodld  tha]t,^o'«rever,\ie  kno^wm,  tbe  angles  can  be  computed, 
and  tkenoe  tlie  TeTxuamngnde,\>y  the  method  of  the  first  problem. 
In  general,  problemB  that  fall  under  the  fourth  case  ought  to  be 
avoided  in  sunreyiDg,  especially  ^hen  the  angle  opposite  e  is  nearly 
a  right  angle. 

In  all  trigonometrical  piobletna,  it  is  to  be  borne  in  mind,  that 
small  acute  angles,  and  large  obtuse  angles,  are  most  accurately 
determined  by  means  of  their  stnes,  tattgents,  and  coaecarUSf  and 
angles  approaching  a  n^t  angle  by  their  coainet,  eotangenUf  and 

Fboblek  Pifth. — v«  mIv««  lilacs  ■■glui  TrtuiglB. — AH  the  pre- 
ceding formuke  are  applicable  to  this  case;  but  they  become  very 
much  simplified  owing  to  the  values  assumed  by  the  trigonometrical 
AmctioDS  of  the  right  angle,  viz. : — 

Sin  90^  =  1;  oo8  9(r=:0;  tan  90°  infinite;  ootan  9(r=:0;  sec 
90^  infinite  ;  oosec  90"^=:  1. 

Let  C  denote  the  right  angle ;  c  the  hypothenuse  ;  A  and  B  the 
two  oblique  angles ;  a  and  b  the  sides  respectively  opix>site  them. 
Then  A  and  B  are  complementary  angleSy  and  the  sine  of  each  is 
the  cosine  of  the  other,  as  explained  under  Head  II.  of  this  article. 
The  following  cases  may  be  distinguished : — 

1.  Given,  the  right  angle,  another  angle  B,  the  hjpothenuse  c. 
Then 

A=:9(r-B;  a=c-cosB;6  =  csinR (45.) 

S.  Given,  the  right  angle,  another  angle  B,  a  side  a, 

A=:90''-B;  6  =  a-tanB;  cz=a-secB (46.) 

3.  Given,  the  right  angle,  and  the  sides  a,  6, 

tenA  =  ^;  tanB=-;  CT=zMfiT^ (47.) 

4.  Given,  the  right  angle,  the  hypothenuse  e ;  a  side  a, 

sinA=:cosB=-;  b=ij^^df.  (48.) 

c 

5.  Given,  the  ^ree  sides  a,  b,  e,  which  fulfilling  the  equation 
^=za^  ^  l^y  the  triangle  is  known  to  be  right-angled  at  0. 

smA=-;  8inB  =  - (49.) 

c  c 
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Problem  Sixth. — ^To  express  the  area  of  a  plane  triangle  in  terms 
of  its  sides  and  angles. 

Case  1.  Given,  one  side,  c,  and  the  angles. 

.  c2    sin  A  sin  B  .^^ . 

Area=  ^  . r—j^ —  (50.) 

2        sin  C  ^      ^ 

Case  2.  Given  two  sides,  b,  c,  and  the  included  angle  A. 

.            6c -sin  A 
Area  = ^ Wl) 

Case  3.  Given,  the  three  sides.     See  Article  32,  page  33. 

V.  Formulce/or  the  Solution  ofSpherioal  Triangles, 

These  formulse  are  all  consequences  of  the  two  following 
principles : — 

The  sum  of  the  three  angles  of  a  spherical  triangle  eoBceeds  two  right 
angles  by  an  angle  which  hears  tJie  same  proportion  to  four  right 
angles  that  tlie  area  of  the  triangle  bears  to  the  surface  of  tlie  hemi- 
splyere. 

The  sines  of  the  angles  of  a  spherical  triangle  are  proportional  fo 
the  sines  of  the  angles  subtended  at  tJie  centre  oft/ie  sphere  by  the  aides 
to  which  Viey  are  respectively  opposite, 

Probleh  First. — To  compute  approximately  the  angles  sub- 
tended by  arcs  on  the  earth's  surface,  and  vice  versd. 

In  this  calculation  it  is  sufficiently  accurate  for  the  purposes  of 
engineering  geodesy  to  treat  the  earth's  surface  as  a  sphere  of  the 
diameter  stated  in  Article  3,  p.  2,  viz. : — 

41,778,000  feet  =7912^  statute  miles; 

so  that,  referring  to  the  present  Article,  Division  I.,  p.  37,  for  the 
proportions  borne  to  the  i^dius  by  arcs  subtending  various  units  of 
angle,  we  find,  for  the  mean  lengths  of  such  arcs  on  great  circles  of 
the  earth's  surface,  the  following  values, —  * 

*  If  it  IS  desired  to  compute  the  lengths  of  small  arcs  on  great  circles  more  pre- 
cUely,  the  following  formols  may  be  used : — 

Let  3  denote  the  difference  between  the  latitude  of  the  place  and  45°,  the  si^^i  4- 
or —  indicating  whether  that  latitude  is  greater  or  less  than  46°.  Then  the  length 
in  feet  of  an  arc  of  the  meridian  which  subtends  one  minute  is 


m=6076-36  (^I^-^Jq- j;  (1.) 
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Ut§n  length  in  F«t  hoguithm. 

Arc  equal  to  radius^ 20,889,000  7'3i99i76 

Arc  sabtending  one  d^ree, 3^4*582  5'5^^T95^ 

Arc  subtending  one  minute, 607  6  36  3 7836437 

Arc  subtending  one  second, 101-273  20054925 

Hence,  let  a  be  the  length  in  feet  of  an  arc  on  the  earth's  sorfaoe ; 
«,  the  angle  subtended  by  it  in  seconds  ;  then 

«=:a^  101-273  nearly.  (52,) 

Problem  Secoio). — To  compute  approximately  the  nines  of  the 
angles  subtended  by  small  arcs  on  the  earth's  surface,  and  vice  verad. 

Let  -  be  the  ratio  of  a  small  arc  a  to  the  earth's  radius  r  ;  •  the 

angle  subtended  by  it.     Then  it  is  known  that  the  two  following 

the  length  in  feet  of  an  arc  sniytendiog  one  minute,  on  a  graat  drde  perpendicular  to 
ibe  I     " " 


r^eoTS-ss  (: 


^'*'300=^  600  / ^'"^ 

and  the  length  in  ftet  of  an  arc  subtending  one  minnte  on  a  great  circle  which  makes 
u  iBgie  0  with  the  meridian,  is 

■•"=»cobV  +  m'sin  V. ^ (8.) 

The  mean  length  of  all  the  arcs  subtending  one  minnte  on  great  dreles  whidi  can  be 
drawn  through  a  given  point  is 

--=6076.8.  (..A:^i^l') (4, 

At  the  parallel  of  30®  of  latitude,  which  divides  the  sur&oe  of  the  hemispheroid  faito 
two  nearij  equal  parts,  the  factor  of  this  expression  within  the  btmclcets  is  reduced  to 
osity,  and  the  length  of  the  arc  to  its  mean  value ;  and  the  area  of  the  surface  of  the 
tpfaooid  is  almost  exactly  equal  to  that  of  a  sphere  of  the  radius  of  20,889,000  feet, 
oonesponding  to  that  value  of  the  are.  It  is  for  these  reasons  that  6076*86  feet  has 
been  adopted  in  this  work  as  the  tme  mean  length  of  a  nautical  mUe,  rather  than  the 
length  of  a  minute  of  the  equator. 

'Hie  area  in  square  feet  of  a  sipiare,  each  of  whose  ddes  subtoids  one  minute  at  a 
giren  latitode,  is 

««'=(«076<J«)'.  (l  +  _J-^=±=^^|i)«.riy;  (6.) 

and  tfab  quantity  also  has  its  mean  value  at  the  parallel  of  30°;  viz.  (6076-86)*. 
The  length  in  feet  of  a  minute  of  longitude  is  given  by  the  formula 

»'"=»' -cos -latitude  (6.) 

In  the  preceding  ibrmule,  the  figure  of  a  level  surface  is  treated  as  if  it  were  an 
ezBct  spheroid  of  revolution  with  the  polar  and  equatorial  diameters  in  the  ratio  of 
&99  to  601,  and  no  acooont  is  taken  of  various  irregularities  in  the  form  of  that  sur- 
boe,  whose  ezislenoe  has  been  proved,  but  which  have  not  yet  been  reduced  to  any 
Saenl  principleL 
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series  give  approximatioDS  to  the  value  of  each  of  those  quantities 
in  terms  of  the  other; 

-?  =  sin  «  +2.2.3  •  sin  '«  +  24^  ''"^  ^*  +  ^^-  '"  (^^•) 

In  most  cases  which  occur  in  engineering  geodesj,  the  first  two 
terms  of  each  of  those  series  are  sufficient^  and  thej  maj  be  thus 
expressed  : — 

sin«=|(l-|^)nearly;  (55.) 


^  =  sin«  A  +  — g-jnearly.  (56.) 


For  logarithmic  calculation  the  following  approximate  formulae 
are  convenient : — 

log  sin  «  =  log-  -  ■  0723824  ^- 

=  log  a  (in  feet) -  7-3199176  -  -0723824  ~; ..  (55  a,) 

log  a  (in  feet)  =  73199176  +  log  sin  «  +  *  0723824  sin  ««  (56  a,) 
('  0723824  =  modulus  of  the  common  logarithms  -r-  6.) 

Pboblem  Third. — Given,  the  area  of  a  spherical  triangle  on  the 
earth's  sur&.ce;  to  find  the  excess  of  the  sum  of  the  three  angles 
above  two  right  angles  (or  as  it  is  called,  the  "spherical  excess"). 

Let  S  be  the  area  of  the  triangle,  r  the  earth's  radius,  X  the 
spherical  excess ;  then 

=  angle  subtended  by  arc  equal  to  radius  '-^; (57.) 

that  IB  to  say — 

_-  ,.  ,  ,      206264-8  S  (in  square  feet) 

X  (m  8econds)  =  -^3^^^-^^-^^  g^^ 

__    S  (in  square  feet) 

•"2nT5;5()p00ireari^'   ^^^'^ 

or  by  logarithms, 
log  X  (in  seconds)  =  log  S  (in  square  feet)— 9*3254101...  (58  a.) 


soLimoH  or  sphericaii  triakoub. 
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In  artatmg  roles  for  the  aolntion  of  spherical  triangles,  the  word 

"side*'  is  used  for  brevity's  sake,  when  "the  angle  subtended  by  a 

side  at  the  centre  of  the  sj^ere  ^  is  meant     In 

fig.  24,  A,  B,  C  are  the  three  angles  of  a  spherical 

triangle;   a,  6,  6,  the  sides  res^pectively  opposite 

them.     The  angles  subtended  respectively  by  these 

sides,  which   angles  are  called    "the  sides'*  in 

stating  tiie  rules,  will  be  denoted  by  •,  /8,  y. 
Pboblem   Foubth. — Given,  two  angles  of  a 

spherical  triangle,  and  the  side  between  them;  to 

find  the  remaining  sides  and  angle- 
Let  A,  B  be  the  given  angles,  and  y  the  given 

side.     Then  to  find  tiie  remaining  sides  «  and  /S-— 

A-B 


Fig.  24. 


*«--2-  =  t-| 


cos- 


cos 


tan  —X —  =  tan  — 


sm 


A  +  B^ 
A-B 


sin- 


A  +  B^ 


2 


»  + 3^»-3.   -^«_+^_ 


i-fi 


.(59.) 


To  find  the  remaining  angle  C,  we  have  the  proportion — 

sin*  :8in/9:siny:  :sinA:sinB  .-sinC. (60.) 

Pboblem  Fifth. — Given,  two  sides  of  a  spherical  triangle  and 
the  angle  between  them ;  to  find  the  remaining  side  and  angle — 
Let  «,  3  be  the  given  sides;  C,  the  given  angle. 
Fvni  Method, — ^To  find  the  remaining  side  y; 

eosy  =  cos«-cos/3  +  sin«*sin/3'cosC; (61.) 

bat  this  formula  being  unsuited  to  calculation  by  logarithms,  the 
following  has  be^i  deduced  from  it; 

Make  sin  D  =  cos-^ .  Ay  sin  «•  sin  /9;  then 

and  to  find  the  remaining  angles,  we  have  the  proportion, 

fliny  :siiL«  :  sin/3  :  :8inC  :sLn  A  isinB.  (63.) 


.(64.) 
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Steond  Method. — To  find  the  rwnaining  angles,  A,  R 
,     A  +  B    coB-g-.coton^ 

OOB-g- 

.     «-l8        .       C 

A-B    «n^^r~**"2 

tan  — r—  = • 

2  .    «  +  /8        ' 

Bin-g- 

.     A  +  B    A-B   ^    A-i-B    A-B 
A  =  -^-  +  -^-;B  =  -.^ J- 

The  remainmg  side  y  is  foand  by  the  proportion  (63). 

Problem  Sixth. — ^The  three  sides  of  a  spherical  triangle  being 
given;  to  find  the  angles — 

Let  C  be  the  angle  songht  in  the  first  instance.    Then 

^      OOSy  — COS«  *00S^  ,^^  . 

oosC  = ^, ; — T — :    (oo.) 

sin»*sm/3  ^     ' 

but  as  this  formula  is  not  adapted  for  logarithmic  calculation,  one 
or  other  of  the  following,  which  are  deduced  from  it,  is  to  be  em- 
ployed for  that  purpose : — 

Let  9  = =r —  denote  the  half  sum  of  the  sides ; 

C_.  /smT^S^J^^        0  /8in(^-»)(sin#--^. 

^2-V      sin.-sin/S     '«^2-V         sin«sin/»       •^^^•> 

c  c  c       c 

cos  ^  is  best  when  ^  approaches  a  right  angle ;  sin  ^  when  -^  is  smalL 

These  formulie  will  setre  alike  to  compute  any  angle.  If  it  is 
desired  to  express  the  angle  sought  by  A  or  by  B,  the  following 
substitutions  are  to  be  made  in  the  formulte : — 

For  the  following  symbols  in  the  formulaa  for  C, ...     •    fi    y 

Substitute  respectively  in  the  formulse  for  A, ...    /3    r    » 

—  —  —  —        forB, ...    y    «    /9 

Problem  Seventh. — In  a  right-angled  spherical  triangle,  the 
right  angle  and  any  two  other  parts  being  given,  to  find  the  remain- 
ing parts. 

Let  C  be  the  right  angle,  and  y  the  side  opposite  to  it 
Case  1. — ^Two  sides  being  given,  the  third  is  found  by  the 
equation- 
cos  «*cosi8=:cosy;  (67.) 
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and  the  oblique  angles  hj  tlie  eqastunu — 

ooeA  =  cotany-ia&^;  ooeBs^ooiony  *taD  •;  ...(6&) 
or  hy  the  equations — 

ootaiiA=:cotan«*8in/9;  ootanB:£Ootaii/9*nxi«....(69.) 

Ctae  2, — Given,  a  side  (•)  and  the  opposite  angle  (A).  Knd 
the  side  fi  hj  the  formula — 

sin/S=tan«*eotanA;  (70.) 

Ihen  find  y  bj  (67)  and  B  bj  (68)  or  (69> 

Case  3. — GiTon,  a  side  («)  and  the  adjacent  angle  (B).  Knd 
the  side  y  hj  the  formnla — 

ootKny  =  coBA-ootan/l; (71.) 

then  find  •  bj  (67)  and  B  bj  (68)  or  (69> 
Gbae  4. — Giyen,  two  angles^  A,  B-— 

oo8«  =  -T—:g;  008/8=-:;—^;  coey  =  cotanA'cotanR(72.) 

YL  Approtdmaie  SoluHon$  of  Sfherical  Triangle$,  uted  in 
Trigonometrical  Surveying. 

As  the  largest  triangles  formed  in  trigonometrical  surveying  do 
not  measore  more  than  100  miles  in  ^e  side,  and  the  ordinary 
trianglee  mnch  less,  the  .cnrvatore  of  the  arcs  fonning  their  sides 
is  very  slight,  and  l^eir  areas  are  very  small  firactions  of  that  of  a 
hemisphere  of  the  earth;  and  consequently  approximate  methods 
of  cakolation  can  be  applied  to  them,  by  which  much  of  the 
labour  is  saved  that  would  be  required  by  a  strict  adherence  to  the 
rales  of  spherical  trigonometry. 

Pboblek  Fibst.— Given,  in  a  triangle  on  the  earth's  snifiuM  the 
length  of  one  side,  e,  and  the  adjacent  angles,  A,  B;  to  find 
approximately  the  third  angle,  0. 

Calculate,  by  equation  dO,  p.  46,  the  approximaie  area  of  the 
tnangle,  as  if  it  were  plane.  From  that  area,  by  equation  58,  or 
58a,  p.  48,  calculate  the  '^ spherical  excess "  X.     Then 

O  =  180*  +  X-A-R  (73.) 

PaoBLEif  Seoosd. — ^To  find  ai^roximately  the  remaining  sides, 
a,  ^,  of  the  same  triangla  Let  •,  /9,  y  be  ^e  angles  subtended  by 
the  aides. 

Method  First  (By  spherical  trigonometry). — Find  the  arc  y  sub- 
tended bj  the  given  side  e  by  equation  52,  p.  47;  or  else  find 
sin  y  directly  from  e  by  equation  55  or  55  A,  p.  48.     Then 

rinAsiny     .    .    sinBsiny  ,^,. 

Bin«= r—^~;smfi= — .    ,,     : (74.) 

siaC  smC  ^     ' 


52  ENQiKBEsnira  geodest. 

from  which  find  «  and  fi  in  seconds;  then  the  lengths  of  the  sidefl  in 
feet  I 


a*  101-273  «;  6  =  101-273/5; (75.) 

or  a  and  b  may  be  calculated  directly  from  sin  «  and  sin  fi  by  equa- 
tion 56  or  56  a,  p.  48. 

Method  Seamd  (By  plane  trigonometry). — From  each  of  the 
angles  subtract  one  third  of  the  spherical  excess,  and  then  treat  the 
triangle  as  if  it  were  plane.     That  is  to  say — 

8in(A-f)  8in(B-f) 

"■'•77T-^f'-"^Ar^ '"■> 

sin(C-j^)  «m(C-^) 

Pboblem  Thibd. — Given,  in  a  triangle  on  the  earth's  sur&ce,  two 
sides  a,  6,  and  the  included  angle  C;  to  find  the  remaining  side,  c, 
and  angles.  A,  B. 

Method  First  (By  spherical  tiigonometiy). — ^As  in  the  last  prob- 
lem, find  the  angles  «,  fi,  subtended  by  the  sides,  by  means  of 
equation  52,  p.  47,  or  the  sines  of  those  angles  by  means  of  equation 
56  A,  p.  48.  Then  solve  the  triangle  as  a  spherical  triangle,  by  means 
of  equations  62  and  63,  p.  49,  or  equation  64,  p.  50.     La^y,  make 

c  in  feet=  101-273  y  in  seconda (77.) 

Method  Second  (By  plane  trigonometiy). — Compute  the  approoci- 
mate  area  by  equation  51,  p.  46,  as  if  the  triangle  were  plane; 
thence  compute  the  sphericid  excess  X  by  equation  58  or  58  a,  p. 
48,  and  deduct  one-third  of  it  from  the  given  angle.  Then  consider 
the  triangle  as  a  plane  triangle,  in  which  are  given  the  two  sides  o^  5, 

and  the  included  angle  C  =  C  —  -5^.  Find  the  third  side  c  by  equa- 
tion 37,  or  equation  38,  p.  43 ;  and  the  remaining  angles  A',  B*,  of 
the  supposed  plane  triangle,  by  the  equations  39  or  40,  p.  43 ;  and 
for  the  remaining  angles  of  the  real  spherical  triangle,  taJce 

A  =  A'  +  ^;  B  =  B'  +  ~ (78.) 

Problem  Foubth. — ^To  diminish  as  far  as  possible  the  effects  of 
small  errors  in  angular  measurements. 

Such  small  errors  are  detected  by  measuring  the  whole  three 
angles  of  a  spherical  tiiangle,  and  adding  them  together.  If  the 
measurements  are  perfectly  correct,  we  shall  find 

A  +  B+C  =  180«  +  X, 

(X  being  the  spherical  excess,  if  it  is  appreciable).     But  if  small 
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errots  haTe  been  oommitted  in  meagoring  the  angles,  ire  shall 
find 

A'  +  F  +  Cr=180-  +  X:d=E; 

▼here  £  is  the  total  error.     Then  for  the  most  prohable  values  of 
the  corrected  angles  are  to  be  taken 


A  =  A'=T=|;B  =  B': 


4c=c=^|. 


.(79.) 


The  coirrection  of  each  angle  being  one-third  of  the  total  error,  and 
opposite  in  sign. 

54.  The  Thmmdmikm  is  an  instrument  whose  chief  use  is  to  measure 
an^es  in  a  horizontal  phine,  or  **  azimtUha"  and  which  is  occa- 
sionallj  used  to  measure  also  vertical  angles,  or  altitudes  and 
dqjfresiions. 

When  tike  word  Asdmuth  is  used  without  qualification,  it  usually 
means  the  number  of  degrees,  minutes,  and  seconds  by  which  the 
direction  of  a  vertical  plane  passing  through  a  station  and  a  given 
object  deviates  to  the  right  of  a  vertical  plane  passing  through  the 
^tion  and  the  North  Pole.  When  "  Magnetic  Azimuth"  is  speci- 
fied, the  angular  deviation  is  reckoned  from  the  magnetic  meridian 
instead  of  the  true  meridian. 

But  the  relative  azimuth  of  any  two  objects  may  be  measured  at 
a  given  station;  that  is  to  say,  the  numher  of  degrees,  minutes,  and 
seconds  by  which  a  vei*tical  plane  traversing  the  station  and  one  of 
the  objects  deviates  to  the  right  of  a  vertical  plane  passing  through 
the  station  and  the  other  object 

An  azimuth  exceeding  180^  denotes  that  the  direction  of  the 
object  to  which  it  is  measured  lies  to  the  left  of  the  direction  from 
which  azimuths  are  measured,  by  an  angle  equal  to  the  difference 
between  the  azimuth  and  360^. 

For  example :  in  fig.  25,  let  A  denote  a  station;  A  B  the  direc- 
tion of  the  pole,  or,  as  the  case  may 
be,  of  the  object  from  which  azimuths 
are  measured,  and  which  is  held  to 
have  the  azimuth  0^.  C  being  an  object 
which  lies  to  the  right  of  A  B,  its 
azimuth,  being  the  number  of  degrees, 
^,  subtended  by  the  arc  be,  is  equal 
to  the  angle  BAG.  On  the  otiier 
liand,  D  being  an  object  lying  to  the 
lefl  of  A  B,  its  azimuth,  being  the 
number  of  d^rees,  &c,  subtended  by 
the  arc  6'  (f,  is  equal  to  the  difference 
between  the  angle  B  A  D  and  deO*". 
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The  horizontal  angle  between  any  two  directionB  is  the  difference 
of  their  azimuths,  if  that  difference  is  less  than  180**;  if  it  is  greater 

than  180*,  the  excess  of 
360*  above  the  difference 
of  the  azimuths  is  the 
angle  between  the  direc- 
tions. 

AUUudes  cmd  dqfreasions 
are  the  angles,  always 
acute,  which  &e  directions 
of  objects,  as  seen  from  a 
given  station,  make  above 
and  below  a  horisontal 
plane.  The  use  of  these 
angles  wiU  be  further  ex- 
plained under  the  head  of 


The  structure  of  theo- 
dolites varies  very  much; 
but  there  are  certain  essen- 
tial parts  which  are  com- 
mon to  all,  and  which  will 
now  be  enumerated,  com- 
mencing at  the  top,  as  they 
are  found  in  the  ''  Transit 
Theodolite."  The  usual 
material  is  brass,  except 
for  the  "limb"  or  gradu- 
ated ring  of  each  of  the 
circles,  which  is  of  silver 
or  palladium. 

I.  The  Tdeicope  A  B 
consists  of  two  tubes,  one 
sliding  within  the  other. 
The  outer  tube  has,  at  its 
further  end  A,  the  object- 
glass,  which  forms  at  its 
focus  an  inverted  image  of 
^^u:i\y\jt:^  *he  object  looked  at     The 

'^  inner  tube  has,  at  its  nearer 

^e-  2^'  end  B,  a  combination  of 

glasses  called  the  "  eye-piece,"  which  magnifies  that  inverted  image. 
By  the  use  of  an  additional  tube  and  certain  additional  glasses,  an 
"  erecting  eye-piece"  may  be  formed,  which  makes  the  object  appear 
erect    but  this  causes  loss  of  light^  and  possesses  no  particular 


advanta^  By  iDOfviikg  the  ixmer  tube  in'wrards  and  outwmnb  by 
&ncikandpuuon,tQm^by  ikie  milled  liead  b,  the  fod  of  the  object- 
glttB  and  eye-|iece  ai«  adjusted  till  tbey  coincide^ 
wbick  is  Imown  bj  ibe  diflkinot  and  otoadj-  Appear- 
ance of  the  ima^ 

At  the  oommon iocoB  of  the  object-gin nn  *nd  eye- 
pieoe,  wbete  the  inyerted  imase  is  seen,  there  is  a 
^'diaphngm'*  orpiitid<m,iriUL  a  round  hole  in  the 
middle  croned  by  three  smdei^a  linea^  or  equally  ^*  *^* 
fine  platimua  wirea  (aee  fig.  27);  one  horizontal,  A  B,  and  the 
other  two,  G  D,  E  G,  deTiadng  slightly  to  opposite  sides  of  a  ver- 
tical plane.  The  point  ¥  where  thoee  ^^irires  cross  each  other  ahould 
be  exactly  in  the  axia  or  ^'lisie  of  eollvmaUon**  of  the  telescope ;  and 
the  heads  of  four  aorewa  for  adjusting  it  to  that  position  are  ahown 
at  a»  Oy  a,  a,  in  fig.  26. 

XL  The  Spmt'Leo^  c  ia  attached  to  the  outer  telescope-tube 
by  screws,  by  means  of  which  \t  can  be  set  exactly  parallel  to  the 
Ime  of  ooUimation ;  so  that  when  the  air-bubble  is  in  the  centre  of 
the  level,  the  telescope  is  horizontal  The  construction  and  use  of 
^rit-levels  will  be  further  explained  under  the  head  of  levelling. 

JIL  The  HorizonUd  AxIm  0,  when  the  instrument  ia  in  adjust- 
ment^ is  exactly  at  right  angles  to  the  line  of  collimation,  and 
exacdy  level ;  so  that  Uie  telescope  may  turn  about  on  the  bearings 
of  that  axis  in  a  truly  vertical  plane. 

lY.  The  Frame$  or SupporU  (D,  D,)  of  the  horisontal  axis  are  high 
enough,  in  the  transit  theodolite,  to  admit  of  the  telescope  being 
turned  completely  over  in  a  vertical  plane ;  a  motion  which  is  use- 
fbl  in  making  certain  observations.  In  Colonel  Everest's  theodo- 
lite the  supports  are  made  low,  for  the  sake  of  compactness ;  but 
the  telescope  may  be  tamed  completely  over  when  required,  by 
lifting  the  horizontal  axis  out  of  its  bearings.  In 
the  oommon  theodolite  the  telescope  is  not  fixed 
m  the  middle  of  that  axis,  but  is  supported  in  two 
forked  rests  called  Y's,  at  the  ends  of  a  bar  which 
is  fixed  at  right  angles  to  the  horizontal  axis;  so 
that  the  telescope  can  be  turned  end  for  end  by 
lifting  it  out  of  the  Y's.  When  not  required  to  be 
lifted  out^  the  telescope  is  clasped  firmly  in  its  Y's  ^I  ^^ 
by  two  semicircular  arcs  called  "clips,"  which  * 

an  hinged  to  the  Y*s  at  one  side  and  fiistened  with  pins  at  the 
other. 

V.  The  Vertical  Cirde  at  AUUude  Circle  E  is  fixed  upon  the 
horizontal  axis.  It  is  divided  into  four  quadrants,  the  degrecH 
in  each  of  which  are  numbered  from  0°  to  90°,  as  indicated 
in  the  sketch,  fig.   28.     The  two   0*s  are  at  the  ends  of   the 
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diameter  parallel  to  the  line  of  collimation  of  the  telesoope ;  the 
two  90's  at  the  ends  of  the  diameter  perpendicular  to  the  foimer. 
There  are  two  indices  with  verniers,*  at  opposite  ends  of  a 
horizontal  bar,  read  by  the  microscopes  6,  e;  when  the  line  of  col- 
limation is  horizontal,  each  of  those  indices  reads,  or  ought  tc> 
read,  0^ 

In  directing  the  telesoope  to  any  object,  it  is  turned  at  first  bj 
hand  as  nearly  in  the  required  direction  as  possible;  then  the 
vertical  circle  is  "  clamped,*'  by  turning  a  damp-acrew  which  lays 
hold  of  its  lower  edge;  and  then,  by  the  tcmgeniracrew  d,  a  slow 
motion  is  given  to  the  circle  and  telescope  until  the  line  of  collima- 
tion points  exactly  towards  the  object. 

In  Colonel  Everest's  theodolite,  instead  of  a  complete  vertical 
circle,  there  are  two  opposite  sectors  of  about  90°  each,  so  as  to  be 
capable  of  measuring  altitudes  and  depressions  as  far  as  45^;  and 
the  spirit-level  is  attached  to  the  index-bar^  instead  of  to  the 
telescope. 

In  the  common  theodolite,  instead  of  a  vertical  circle  there  is  a 
semicircle  only,  having  but  one  index  and  vernier. 

VI.  The  Vernier-Plate  F  (fig.  26),  is  a  circular  plate,  fixed  on 
the  top  of,  and  exactly  perpendicular  to,  the  inner  vertical  ojcw  (con- 
cealed in  the  figure).  It  carries  at  its  sides  the  supports  D,  I>,  of 
the  horizontal  axis,  in  its  centre  a  magndie  compcuie  with  a  glass 
top,  and  near  its  edge  a  pair  of  epirit-levelef,/,  at  right  angles  to 
each  other.  At  two  points  on  its  edge,  diametrically  opposite  to 
each  other,  are  two  indices  with  verniers,  read  by  means  of  the 
microscopes^,  ff,  (In  many  theodolites  there  is  but  one  microscope 
for  this  purpose,  which  is  shifted  round  to  the  one  or  the  other 
vernier  as  required.) 

In  Colonel  Everest's  theodolite  the  place  of  the  lower  horizontal 
circle  is  supplied  by  three  horizontal  arms  diveiging  from  the  top 
of  the  inner  vertical  axis  at  equal  angles  of  120"^,  and  having  indices 
and  verniers  at  their  ends;  and  inst^  of  the  two  spirit-levelsj^^ 
there  is  one  spirit-level  fixed  parallel  to  the  horizontal  axis. 

VII.  The  Horizontal  Circle  G  has  its  edge  or  limb  bevelled  to 
the  figure  of  the  frustum  of  a  cone,  and  ^aduated;  the  degrees 
being  numbered  continuously  round  it  towards  the  right,  up  to 

*  According  to  the  ordinary  constmction  of  a  vernier,  its  total  length  consists  of 
a  number  of  divisions  of  the  primary  scale  less  by  one  than  the  number  of  smaller 
divbions  into  which  those  divisions  are  to  be  subdivided.  Suppose,  for  example, 
that  the  limb  of  one  of  the  circles  of  a  theodolite  is  divided  to  third  parts  of 
a  degree,  or  20^  and  that  it  is  to  be  subdivided  by  a  vernier  to  third  parts  of  a 
minute,  or  20",  each  subdivision  being  one-tixtieth  part  of  a  primary  division :  the 
length  of  the  vernier  will  be  60  —  1  =  59  divisions  of  the  primary  scale,  and  it  will 
be  divided  into  60  equal  parts,  each  equal  to  59-60th8  of  a  division  of  the  primary 
scale. 
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36(f,  u  indicated  by  the  sketch,  fig.  39.  The  hen  of  the  vernien 
are  portions  of  the  same  conical  sonace.  An  arm  projecting  from 
the  Temier-plate  (or  in  Colonel  Everest's  theodolite,  from  the  inner 
rertical  axis)  carries  the  damp  H  for  laying  hold  of  the  circle 
after  the  telescope  has  been  turned  approximately  towards  an 
object  by  hand,  and  the  tcmgenl-screu)  I  for 
giving  the  vemier-phite  a  slow  motion  until 
the  line  of  collimation  points  exactly  towards 
the  object. 

The  size  of  the  circles  of  a  theodolite,  both 
horizontal  and  vertical,  and  the  minuteness 
of  their  graduations,  depends  on  the  extent 
and  accuracy  of  the  operations  for  which 
they  are  intended.  Four  inches  and  eight 
inches  in  diameter  are  about  the  extreme  p. 

limits  of  diameter  for  horizontal  circles  in  ^ 

those  made  for  any  ordinary  purpose,  though  a  few  have  been  made 
of  kiger  Bize&  Those  most  commonly  used  in  surveying  have  circles 
of  five  inches  in  diameter,  divided  into  half-degrees,  and  subdivided 
by  the  verniers  to  single  minutes,  and  by  estimation  with  the  eye  to 
iudf  or  quarter  minutea  For  such  purposes  as  the  principal  tri- 
angulation  of  the  survey  for  a  line  of  railway,  and  for  ranging 
curves,  a  laiger  theodolite  is  requisite:  it  is  generally  sufficient 
to  use  one  with  circles  of  six  inches  in  diameter,  divided  to  twenty 
minutes,  and  subdivided  by  the  verniers  to  twenty  seconds,  and  by 
estimation  with  the  eye  to  ten  seconds. 

YIIL  The  Outer  Vertical  Anda  "Si  ]s  fixed  to  the  horizontal 
circle,  and  is  a  tube,  containing  within  it  and  accurately  fitting 
the  inner  vertical  axis.  It  turns  round  on  a  ball-and-socket  joint 
at  its  lower  end;  and  is  clami)ed  in  any  required  position  by 
means  of  a  collar  with  a  tightening-screw  k.  From  the  collar 
projects  an  arm,  acted  upon  by  means  of  the  tangent-screw  i,  so 
as  to  give  a  slow  motion  in  azimuth  to  the  horizontal  circle  when 
the  outer  vertical  axis  is  clamped.  The  fixed  nut  of  this  screw  is 
attached  to — 

IX.  The  Upper  PwraUd  Plate  L,  through  a  cylindrical  socket  in 
which  the  outer  vertical  axis  passes,  so  as  to  be  always  at  right 
angles  to  it  The  four  plate-screws  l,  I,  I  (and  a  fourth  concealed), 
serve  to  place  the  vertical  axes  truly  vertical,  by  adjusting  the 
position  of  the  plate  L  relatively  to — 

X.  The  Lower  Paralld  Plate  M,  to  the  centre  of  which  the  outer 
vertical  axis  is  attached  by  means  of  the  ball-and-socket  joint 
before  mentioned.     This  plate  is  screwed  upon — 

XI.  The  Staff-Head  N,  which  is  supported  by  three  strong 
wooden  legs.     In  the  middle  of  the  lower  side  of  the  staff-head. 
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directly  under  the  yertical  axis,  is  screwed  a  hook  (concealed 
in  the  figure),  from  which  a  plummet  is  hung,  in  order  to  ascertain 
whether  the  centre  of  the  theodolite  is  exactly  over  the  station 
on  the  ground. 

Iiiiitead  of  tho  up]i«r  parallel  plate,  Colonel  Everest's  theodolite 
has  three  diverj^ng  ktiu^  (iig,  30),  as  in  an  astronomical  oiide, 
with  a  vertical  foot- acre w  aiipportiDg  the  end  of  each.  The  lower 
end  of  each  screw  Ivj^  a  shoiilder,  by  means  of  which  it  is  held 

down  to  the  plate  which 
forms  the  top  of  the  staff- 
head;  and  those  shoulders 
form  the  only  attachment 
between  the  staff-head  and 
the  instrument.  The  chief 
advantage  of  this  constmc- 
tion  is,  that  the  three  foot- 
screws  can  be  adjusted  with 
one  hand;  whereas  the  ad- 
justment of  the  four  plate- 
screws  in  the  ordinary 
construction  requires  both 
hands. 

In  some  theodolites  a 
second  telescope  is  attached 
below  the  horizontal  circle, 
in  order,  by  directing  that 
telescope  on  an  object,  to 
test  whether  the  circle  has 


Fig  30. 


been  diatm^bed  during  the  interval  between  two  observations. 

*A5.  Ai^ii^itiii^iitM  nf  ibv  Tiirotidiitc« — The  adjustments  of  the 
theodolite,  m  well  m  those  oi'  every  other  surveying  instrument, 
may  bo  distiricruiahed  into  tompomry  adjustments,  which  are  made 
by  the  user  of  fclit^  iiLstrutneiit  each  time  that  it  is  set  up,  and  per- 
manent ailjufltmeutsi,  which  are  rn^vie  by  the  manufiicturer,  and 
only  tested  and  ccd-rected  occaj^iimiilly  by  the  user. 

I.  The  Temporary/  Adjmtmmt^  wiU  now  be  described,  on  the 
supposition  tliat  th€>  p^^niu^nent  atljustmeuts  are  correct. 

(L)  Plftfii  tho  theodolite  at  the  station  by  the  aid  of  the  plumb- 
lioe  mentioned  in  Division  XI,  of  the  last  Article. 

(2.)  To*' level  the  instruTiient ''— that  is,  to  place  the  vertical 
axis  truly  vertical — the  ea*^ieHt  process  is  to  make  the  vernier- 
plate  truly  horizon tal  by  nieans  of  the  spirit-levels/,/  For  that 
purpose  it  is  to  be  turned  into  mich  a  position  that  the  two  spirit- 
levda  I,  I  ehflil  be  parallel  resjM^etively  to  the  two  diagonals  of  the 
equate  fynued  by  the  plate-screw  a.     Then  the  bubble  is  to   be 


broagbt  to  ^  wjofcrt  ^  ^^  levrf   \>y  turning  the  pair  of  plate- 

A  more  exacb  adj^««^^>  ^oiwrever,  can  be  made  by  meana  of 
the  level  c  atUiuc\ied  to  ^^  teleacope,  l>ecaii8e  it  is  lamr  and  more 
deticate  than  those  aittaci^^A  to  tine  veraier-pJata  To  effect  this 
adjustment,  turn  the  'verme^plate  till  the  telescope  is  over  one  pair 
of  plate-screwB :  by  ibe  aid  of  the  tangent-screw  d,  adjust  the 
vertical  circle  cardniUy  to  (f  ;  toxn  the  pair  of  plate-screws  under 
^  telescope  nnlal  tbe  bubble  is  brought  to  the  centre  of  the  spirit- 
level  :  turn  the  Yerue^pkte  Tound  through  180*;  if  the  babble 
now  deviatea  from  ibe  centre  of  the  spirit-level,  correct  one-half  of 
the  deviation  by  the  taQgent-acreir  d,  and  the  other  half  bj  the 
plate-ficrews  :  turn  thevermer^plate  through  90*,  so  as  to  bring  the 
telescope  OTcr  the  other  pair  of  plate-screws,  by  means  of  which 
bring  the  babble  to  the  centre  of  the  level  again  :  the  vertical  axis 
is  now  trul J  rerticaL 

If  the  babbles  are  not  now  at  the  centres  of  the  Yemier-plate 
levels  y;  /,  those  levels  are  not  truly  perpendicular  to  the  vertical 
axtt ;  but  the  correction  of  this  error  belongs  to  the  permanent 
adjustments. 

In  Colonel  Everest's  theodolite  the  vertical  axis  is  adjusted  by 
means  of  the  level  which  is  parallel  to  the  horizontal  axis,  by  first 
placing  that  level  parallel  to  a  line  joining  any  two  of  the  three  foot- 
screws,  and  bringing  the  bubble  to  the  centre  by  turning  one  or  both 
of  them,  and  then  turning  the  upper  part  of  the  instrument  through 
90*,  and  bringing  the  bubble  to  the  centre  of  the  level  in  its  new 
poiition  by  means  of  the  third  foot-screw. 

(3.)  To  adjust  the  telescope  for  the  prevention  of  '*  parallax  ** — 
that  is,  to  bring  the  fbd  of  the  glasses  to  the  cross-wires, — look 
throu^  the  telescope,  and  shift  the  eye-piece  in  and  out  until 
the  croea-wires  are  seen  with  perfect  distinctness.  Then  direct  the 
telescope  to  some  well-defined  distant  object,  and  by  means  of  the 
milled  head  b,  shift  the  inner  tube  in  and  out  until  the  image  of 
the  object  is  seen  sharp  and  dear,  coinciding  apparently  with  the 
€ro0B-wire& 

The  latter  part  of  this  adjustment  has  to  be  made  anew  for  each 
new  object  at  a  different  distance  from  the  preceding  one.  The 
nearer  the  object,  the  further  must  the  inner  tube  be  drawn  out. 

A  good  test  of  the  adjustment  for  parallax  is  to  move  the  head 
from  side  to  side  while  looking  through  the  telescope.  If  the  ad- 
justment is  perfect,  the  image  of  the  object  wiQ  seem  steadily  to 
C(Hncide  with  the  cross-wires  :  if  imperfect,  the  image  will  seem  to 
waver  as  the  head  is  moved.  K  the  image  seems  to  shift  in  the 
cppomU  direction  to  the  head,  the  iimer  tube  must  be  drawn  out 
farther ;  if  in  the  same  direction,  it  must  be  drawn  inwards. 
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IL  The  Permanent  Adjustments  should  be  tested  from  time  to 
time;  but  in  a  well-made  theodolite  they  will  seldom  require 
correction.  Before  testing  those  adjustments,  the  temporary  ad- 
justments should  be  made  with  care. 

(1.)  The  Adjustment  of  the  Line  of  GoUimatum,  in  a  transit  theo- 
dolite, and  also  in  Colonel  Everest's,  consists  in  placing  that  line 
precisely  at  right  angles  to  the  horizontal  axis.  To  effect  this, 
direct  the  line  of  collimation  towards  some  very  distinct  distant 
object,  bringing,  by  means  of  the  tangent-screw  of  the  horizontal 
circle,  the  cross-wires  to  coincide  in  azimuth  with  the  image  of  a 
well-defined  point  in  that  object.  The  vertical  circle  should  be 
undamped  Now  lift  the  horizontal  axis  out  of  its  bearings,  ivnd 
replace  it  with  the  ends  reversed,  so  that  the  telescope  is  upside 
down ;  if  the  cross-wires  now  coincide  in  azimuth  with  the  some 
object,  the  line  of  collimation  is  perpendicular  to  the  horizontal 
axis  ;  if  not,  one-half  of  the  deviation  ia  to  be  corrected  by  shifting 
the  cross-wires  by  means  of  the  horizontal  adjusting-screws  of  the 
diaphragm,  and  the  other  half  by  the  tangent-screw  of  the  horizontal 
circle.  Reverse  the  horizontal  axis  again,  and  repeat  the  operation 
till  the  adjustment  is  perfect 

In  the  transit  theodolite  there  is  another  mode  of  reversing  the 
telescope  to  perform  this  adjustment,  which  consists  in  turning 
the  telescope  over  on  its  horizontal  axis,  and  then  turning  it  round 
through  exactly  180°  in  azimuth. 

In  the  common  theodolite  the  line  of  collimation  is  adjusted  by 
turning  the  telescope  half  round  in  its  Y's  about  its  own  axis,  and 
observing  whether  the  cross-wires  continue  to  coincide  with  the 
same  object.  Should  they  deviate,  half  the  deviation  is  to  be 
corrected  by  the  diaphragm-screws,  and  the  other  half  by  the 
tangent-screw  of  the  horizontal  circle.  This  adjustment  places  the 
line  of  collimation  in  coincidence  with  the  axis  of  the  Y^s.  Tbe 
adjustment  of  the  latter  line  perpendicular  to  the  horizontal  axis  is 
left  to  the  instrument  maker. 

(2.)  The  Adjustmmt  of  the  Levd  attached  to  the  Telescope  can  only 
be  effected,  in  the  transit  theodolite,  by  methods  which  will  be 
explained  in  treating  of  the  adjustment  of  levelling  instruments. 
The  same  may  be  said  of  the  adjustment  in  a  vertical  direction  of 
the  line  of  collimation.     (See  Art.  50.) 

In  the  common  theodolite,  having  levelled  the  level  attached  to 
the  telescope  by  the  tangent-screw  of  the  vertical  circle,  lift  the 
telescope  out  of  the  ys  and  set  it  down  again  turned  end  for  end. 
If  the  bubble  deviates  from  the  centre  of  the  level,  correct  half  the 
error  by  the  adjusting-screws  which  connect  the  level  with  the 
telescope,  and  the  other  half  by  the  tangent-screw  of  the  vertical 
circle. 
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(3.)  To  ascertain  ike  In<i«&-«rror  of  th»  Vertieal  Cirde,  set  the 
T^cal  axis  tnily  -vertical  'witli  great  care,  as  described  under  the 
head  of  temporary  adi\ffitmeTit«-  set  the  spirit-level  on  the  tele- 
scope exactly  level;  obeerve  die  reading  on  the  vertical  circle;  if 
it  is  0",  there  is  no  error;  if  it  differs  from  0*,  the  difference  is  an 
error  in  the  position  of  the  index  of  the  vertical  circle,  to  be 
alloired  for  in  each  angle  measured. 

(4.)  The  Adjustment  of  th/6  Honzontal  Axis  exactly  perpendicular 
to  the  Vertical  Axis  is  generally  left  to  the  instrument  maker;  but 
in  some  theodolites  there  are  adjnsting-screws  for  the  sup|x)rt8  of 
the  horisontal  axis.  In  this  case  the  perpendicularity  of  the  hori- 
zontal to  the  Tertical  axis  may  be  tested  by  directing  the  telescope 
on  an  object  irhose  altitude  is  connderable ;  then  turning  it  round 
tiunnigh  exactly  180**  in  azimuth,  and  turning  it  over  in  a  vertical 
plane  so  as  to  look  at  the  same  object  If  the  cross-wires  can 
again  be  brought  to  coincide  with  the  object,  the  adjustment  is 
correct ;  if  not,  half  the  deviation  is  to  be  corrected  by  the  tangent- 
screw  of  the  hoTiaontal  circle,  and  the  remainder  by  the  adjusting- 
flcrewB  of  the  sapports ;  and  tiie  operation  is  to  be  repeated  till  the 
adjustment  is  found  to  be  correct 

This  adjustment  may  also  be  tested  by  observing  whether,  when 
the  instrument  is  clamped  in  azimuth,  the  cross-wires  traverse  an 
object  and  its  image  as  reflected  from  a  level  sur&oe  of  fluid. 

36.  Heuwtac  MmHmmmttdMms^ktmmUh  llw  Tlw^d^Ute.— To  measure 
the  horizontal  projection  of  the  angle  subtended  at  a  given  station 
A,  by  the  direction  of  two  objects  B  and  C, — ^in  other  words,  the 
difference  of  azimuth  of  the  two  objects, — set  up  the  theodolite  at 
the  station,  and  make  the  temporary  adjustments  as  described  in 
the  preceding  Artida  The  outer  vertical  axis  being  clamped,  and 
the  vernier-plate  and  vertical  circle  A  undamped,  direct  the  tele> 
ecope  towanls  one  of  the  objects  (as  B),  as  accurately  as  possible 
by  the  hand ;  clamp  the  vernier-plate,  and  by  its  tangent-screw 
hring  the  cross-wires  to  cover  the  object  exactly.  Read  the 
d^irees,  minutes,  and  seconds  indicated  by  one  vernier,  and  the 
miontes  and  seconds  indicated  by  the  other,  and  note  them  down, 
^d  the  mean  arc  indicated,  by  setting  down  the  entire  degrees  as 
read  on  the  first  vernier,  and  the  mean  between  the  additional  ai'cs 
in  minutes  and  seconds  as  read  by  the  two  verniers. 

Unclamp  the  vernier-plate,  direct  the  telescope  towards  the  other 
object  (C),  and  proceed  as  before^  taking  care  to  read  the  entire 
(ic^rees  on  the  same  vernier. 

The  difference  between  the  mean  arcs  read  off  when  the  line  of 
oollimation  is  directed  towards  B  and  C  respectively,  is  the  required 
difference  of  azimuth,  or  the  horizontal  angle  BAG. 

The  object  of  reading  the  minutes  and  seconds  on  both  verniers. 
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and  taldng  the  mean,  is  to  oorreot  the  effect  of  any  erran  which 
might  arise  from  the  vertical  axis  not  being  exactly 
concentric  with  the  graduated  Umb  of  tiie  hori- 
zontal circle.  In  fig.  31,  let  £  0  and  D  B  be  two 
straight  lines  cutting  each  other  in  A,  a  point  not 
in  the  centre  of  the  circle  B  C  D  £.  The  eccen- 
tricity of  that  point  produces  equal  and  opposite 
^*  ^^  deviations  in  the  arcs  B  C  and  D  E  from  the 
arc  which  would  subtend  an  angle  equal  to  B  A  C  at  the  centre 
of  the  circle ;  so  that  the  mean  of  those  arcs  is  exactly  equal  to 
the  arc  which  correctly  measures  the  angle  BAG,  how  great 
soever  the  eccentricity  may  be. 

The  same  object  is  attained  in  Colonel  Everest's  theodolite  by 
taking  the  mean  of  the  arcs  read  off  by  the  three  equidistant  ve^ 
niers,  which  are  used  in  order  to  give  better  security  against  errors 
in  graduation  than  two  verniers  give. 

Li  the  transit  theodolite,  errors  arising  from  the  horizontal  axis 
not  being  exactly  perpendicular  to  the  vertical  axis  may  be  eUmi- 
nated  by  turning  the  telescope  over  alxHit  the  horizontal  axis,  and 
half  round  about  the  vertical  axis,  repeating  the  measurement 
of  the  angle  in  this  new  position^  and  taking  the  mean  of  the 
results. 

When  a  series  of  horizontal  angles  has  been  measured  at  a 
station  between  a  smes  of  objectsy  retuming  at  last  to  the  object 
with  whidi  the  observations  commenced,  the  accuracy  of  the  obser- 
vations may  be  tested  by  adding  the  angles  together ;  when  their 
sum  ought  to  be  exactly  360^.  Should  it  differ  by  a  small  arc  from 
360^,  the  most  probable  values  of  the  several  angles  will  be  found 
by  dlividing  the  total  error  by  the  number  of  errors  to  find  the 
oorrection,  which  is  to  be  added  to  or  subtracted  frtmi  eadli  of  them 
according  as  their  sum  is  too  small  or  too  large. 

When  very  great  accuracy  is  required  in  measuring  a  horizontal 
angle,  the  effect  of  errors  of  graduation  may  be  diminished  to  any 
reqiiired  extent  by  the  process  called  Bjspetitiok,  which  is  as 
foUows  : — 

Clamp  the  vemier-pUUej  and  read  the  verniers. 

TJnclamp  the  verUocd  axis;  direct  the  telescope  towards  B; 
clamp  the  vertical  axis,  and  direct  the  line  of  collimation  exactly 
towards  B  by  the  tangent-screw  of  the  vertical  axis, 

Unclamp  the  vernier-fiUxte ;  direct  the  telescope  towards  C; 
damp  the  vernier-plate,  and  direct  the  line  of  oollimatiim  exactly 
towards  C  by  the  tangent-screw  of  the  vernier-plats, 

Unclamp  the  vertical  axis,  Ac  (as  before^ 

Bepeat  the  whole  operation  as  many  times  as  it  is  required  to 
reduce  the  errors  of  graduation^  observing  always  to  direct  the 
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line  of  oolHiMJiaoii  Stsft^^  ^  tarnxng  the  ▼ertical  bxjb,  and 
towards  C  by  t«rm% ^^  ^^To"^  ^  :Fiiially,  the  line  of  ool- 
limation  being  pomteA  ^cfvr«3wa  V^,  T«ad  the  ▼emien,  remembering 
to  reckon  S6(f  for  wS^  (fiOiW^  »voltitioii  of  the  yeniier-pliUe 
upon  the  horiaontal  caide. 

The  difierenee  between  ^  ^^^^  Toad  at  the  beginning  and  at  the 
end  ci  liie  prooeas  inSi  be  eqmL  to  the  arc  subtended  bj  the  ancle 
B  A  C  mnltiplied  by  ike  immber  of  rtrpetiUans  ;  and  being  diyi£d 
by  Uiat  number  will  give  ihe  Teq[iiired  angle.  The  mnltiplied  aro 
will  be  affected  by  only  one  error  of  gradoationy  which  will  be 
divided  in  finding  the  reqvuied  axe  ;  so  that  the  error  in  the  final 
r»ult  will  be  equal  to  the  oii^^Bal  error  di^ded  by  the  number  of 
repetitionfl. 

This  process  diminishes  the  effect  of  errors  of  observation  some- 
whaty  but  not  in  the  same  proportion  with  errors  of  graduation; 
becaose  an  obserrer  tends  in  general  to  make  errors  in  the  same 
direction  at  each  observation;  and  such  errors  accumulate  by 
repetition. 

37.  ■><ffrtt»a  iMtrmMMi  are  used  chiefly  in  navigation  and 
marine  surveying ;  but  as  they  are  occasionally  used  in  land  sur- 
veying also,  a  general  description  of  their  construction  and  action 
will  be  given  here. 

The  principle  upon  which  reflecting  instruments  act  is  thii : — that 
if  there  are  two  plane  mirrors  whoee  reflecting  surfiuxs  make  a 
given  angle  with  each  other,  and  a  ray  of  light,  in  a  plane  perpen- 
dicular to  the  planes  of  both 
mirrois,  is  reflected  from  both 
successively,  itsdirection  after 
the  second  reflection  makes 
with  its  original  direction  an 
angle  which  is  double  of  the 
angle  made  by  the  mirrors 
wi^  each  other. 

One  application  of  this 
princi{^e — the  optical  square 
— ^has  already  been  described 
in  Article  24,  page  21. 

The  HMMtt  (%  32)  is  of 
^  form  of  asector  of  a  circle, 
of  60*,  and  sometimes  rather 
more,  in  angnlar  extent  A  B  is  the  graduated  limb,  on  which  the 
degrees  are  oX,  one-haif  of  the  extent  of  those  on  a  non-reflecting 
insbument;  so  that  for  example,  an  exact  sextant  is  divided  into 
120  d^rees  instead  of  60*.  C  G  is  the  index,  having  a  vernier, 
and  a  mi^^osoope  M  for  reading  the  divisiona    At  the  back  of  the 
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instrament  is  a  daxnp-screw,  not  shown,  for  holding  the  index  in 
any  required  position,  and  at  D  is  a  tangent-screw  for  giving 
it  a  slow  motion  to  complete  its  adjustment  The  two  mirrors 
have  their  planes  at  right  angles  to  the  plane  of  the  instrament; 
one  of  them,  called  the  "  ind^s-gUua,^'  C,  is  carried  by  the  index  at 
its  centre  of  motion i  the  other,  called  the  '' horizon-glaas"  N,  is 
carried  by  the  frame  of  the  sector;  half  of  it  is  silvered  and  the 
remainder  unsilvered.  The  silvered  half  is  the  further  from  the 
face  of  the  instrument.  Both  mirrors  should  be  made  of  strong 
plate  glass,  with  its  surfaces  exactly  plane  and  paralleL 

T  is  a  telescope  directed  towards  the  horizon  glass.  It  is  carried 
by  a  ring  K,  and  capable  of  adjustment  to  a  greater  or  less  distance 
from  the  plane  of  the  instrument ;  and  the  object  of  that  adjustment 
is,  to  vary  the  proportions  of  the  light  received  from  the  silvered 
part  and  through  the  unsilvered  part  of  the  horizon-glass,  so  as  to 
render  the  images  of  two  luminous  objects  seen  directly  and  by 
reflection  equally  bright,  although  the  objects  themselves  may  be 
unequally  bright.  That  equalization  of  brightness  is  favourable  to 
accuracy  in  observing  angles. 

E  and  F  are  sets  of  darkening  glasses,  of  various  colours  and 
shades,  which  are  used  when  required,  to  moderate  the  light  from 
very  bright  objects,  such  as  the  sun. 

H  is  the  handle  by  which  the  instrument  is  held. 

Sextants  for  nautical  purposes  usually  have  the  graduated  limb 
of  from  six  to  eight  inches  radius,  the  graduated  lunb  being  sub- 
divided by  the  vernier  to  20"  in  the  smaller  sizes,  and  10"  in  the 
larger.  The  observer  can  in  each  case  read  to  one-half  of  these 
arcs  by  estimation. 

The  nautical  sextant  is  seldom  used  for  land  surveying.  For 
that  purpose  the  box-sextant  is  employed,  and  for  triangles  of  small 
extent  only,  not  exceeding  about  a  mile  in  length  of  side.  The 
box-sextant  is  a  sextant  so  small  as  to  be  entirely  contained  within 
a  cylindrical  brass  box  of  about  three  inches  in  diameter  and  t^ro 
inches  in  depth.  It  is  graduated  to  half-degrees,  and  subdivided 
by  the  vernier  to  minutes,  and  by  estimation  to  half-minutes.  It 
is  usually  furnished  with  a  small  telescope,  which,  however,  it  is 
seldom  necessary  to  employ,  a  plain  sight-hole  being  used  instead. 
The  index  is  moved  by  a  pinion  and  toothed  sector. 

The  box-sextant  has  sometimes  a  contrivance  added  for  enabling 
it  to  measure  angles  greater  than  120*^.  That  contrivance  depends 
on  the  principle,  thai  if  two  reflected  rays  of  light  proceed  in  Uie  same 
direction  from  two  mirrors  which  make  an  angle  toith  each  other,  the 
directions  of  the  rays  before  reflection  make  double  that  a/ngle  with 
each  other;  and  it  consists  of  a  small  mirror  below  the  index-glass, 
fixed  in  such  a  position  that  when  the  index  is  at  the  mark  nunx- 


ADJUSnOENTB  OF  THE  8EXTABT.  65 

bered  180**  upon  what  is  called  the  '' supplementaiy  arc,"  thoee  two 
mirrors  are  at  ngkt  angles  to  each  other ;  and  the  ohjects  whose 
inuitfes  as  seen  in  them  appear  to  coincide  in  direction,  lie  in  &ct 
in  diametricallj  opposite  directions. 

Trou^ton*s  ■«ftectiac  €iKie  IB  an  instrument  having  the  mirrors 
aAd  telescope  of  a  sextant,  together  with  a  completely  circular 
limb,  and  three  indices  radiating  from  its  centre  at  angles  of  120^ 
By  observing  each  angle  with  the  instrument  in  two  positions, 
reading  each  angle  observed  upon  the  three  verniers,  and  taking 
the  mean  of  the  six  results,  some  of  the  errors  of  a  sextant  are 
avoided,  and  others  diminished* 

Tbe  Vaimmi  MmmimmtrnM,  as  improved  by  Professor  Piazzi  Smyth, 
is  a  sort  of  reflecting  circle,  in  which  a  spirit-level  with  a  very  small 
babble  is  so  phioed  that  by  means  of  a  lens  and  a  totally  reflecting 
lirism  an  image  of  the  bubble  is  formed  at  the  focus  of  the  telescope, 
and  the  coincidence  of  the  centre  of  that  image  with  the  cross- wires 
ahowB  when  the  line  of  collimation  is  truly  hmzontaL 
The  A^HiiMUMii  •r  ilM  Scxiaai  «n  mm  f«ll«wsi — 
(1.)  To  place  the  index-glass  exactly  perpendicular  to  the  plane 
of  the  instrument     This  adjustment  is  made  by  the  maker ;  but 
the  observer  may  test  it  by  setting  the  index  to  about  60*^,  and 
looking  at  the  image  of  the  limb  of  the  instrument  as  reflected  in 
the  index-glass ;  when  the  real  limb  and  the  image  ought  to  seem 
to  form  one  continuous  arc 

(2.)  To  place  the  horizon-glass  exactly  perpendicular  to  the  plan« 
of  the  instrument.     This  adjustment  is  tested  by  clamping  the 
index  near  to  0^;  looking  at  some  well-defined  far  distant  object, 
and  turning  the  tangent-screw  of  the  index  till  the  object  as  seen 
directly  and  its  reflected  image  are  made  to  seem  to  coincide,  if 
possible.     If  the  horizon-glass  is  correctly  adjusted,   it  will  be 
possible  to  make  the  apparent  coincidence  exactly ;  if  not,  the  glass 
most  be  corrected  by  means  of  adjusting  screws  with  which  it  is  fitted 
(3.)  To  ascertain  the  ^^ wdeao-erroTy^  the  angle  marked  by  the 
index  is  to  be  read  off  when  the  above-mentioned  coincidence  has 
been  made.     If  there  is  no  index-error,  the  index  will  mark  exactly 
€^:  any  deviation  from  this  is  to  be  noted  down  as  the  index-error 
of  the  instrument,  and  allowed  for  in  all  future  angular  measure- 
ments.   For  the  purpose  of  measuring  the  index-error  when  it  is 
nq^ative  (that  is — ^when  the  correction  for  it  is  to  be  added),  the 
gniduationB  of  the  limb  are  carried  a  short  distance  back  from  0**. 
In  reading  this  part  of  the  limb  (called  the  ''arc  of  excess"),  the 
divisions  of  the  vernier  are  to  be  reckoned  the  reverse  way. 

(4.)  The  paraUelism  of  the  line  of  collimation  of  the  telescope  to 
the  plane  of  the  insbroment  is  tested  by  placing  the  index  so  as  to 
produce  the  apparent  coincidence  of  two  distinct  objects  whoaa 
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directions  make  an  angle  of  90^,  or  thereabouts,  and  observing 
whether  a  slight  motion  of  the  plane  of  the  sextant  about  an  axis 
traversing  the  object  seen  by  reiBection  disturbs  the  apparent  coin- 
cidence, which  it  should  not  do  if  the  adjustment  is  conect 

38.  Vm  •£  flw  Bejiimii  in  ■■■feyiafr— To  measure  a  horizontal  or 
nearly  horizontal  angle  with  the  sextant,  hold  the  instrument  so  that 
the  plane  of  its  &.ce  shall  pass  through  the  two  objects  subtending 
the  angle :  look  through  the  telescope  or  sight-hole  at  the  object 
which  is  farthest  to  the  left,  so  as  to  see  it  through  the  unsilTered 
part  of  the  horizon-glass ;  move  the  index  by  hand  until  the  reflected 
image  of  the  right-hand  object  is  seen  in  the  silvered  part  of  the 
horizon-glass;  clamp  the  index,  and  move  it  slowly  by  Uie  tangent- 
screw  till  that  image  apparently  coincides  with  the  left-hand  object. 
(In  the  box-sextant,  the  entire  motion  of  the  index  is  produced  by 
turning  the  pinion.)  Then  read  the  angle  by  means  of  the  index 
and  vernier,  and  add  or  subtract  the  index-error  according  as  it  Ilea 
behind  or  in  advance  of  0®. 

In  fig.  32,  P  S'  represents  the  direction  of  the  left»hand  object; 
P  S  that  of  the  right-hand  object     When  the  image  of  the  latter 
appears  to  coincide  with  the  former,  the  rays  of  light  coming  from 
the  right-hand  object  are  reflected  from  the  mirror  C  to  the  mirror  1^, 
and  thence  to  the  eye  in  the  same  direction  with  those  which  come 
directly  from  the  left-hand  object;  and  according  to  the  principle 
stated  at  the  beginning  of  the  last  article,  the  angle  made  by  the 
directions  of  the  objects  S,  P,  S',  is  double  of  that  nuide  by  the  planes 
of  the  mirrors.     When  the  mirrors  are  parallel  to  each  other,  the 
index  points  to  0®  (or  deviates  from  that  point  by  the  index-error 
onlj);  and  the  divisions  marked  as  degrees  on  the  limb  are  of  half 
the  length  of  actual  degrees;  so  that  the  angle  read  off  on  the  limb 
(index-error  being  allowed  for),  is  the  angle  between  the  directions 
of  the  objects.     If  there  is  much  diflerence  in  the  distinctness  of 
the  objects,  the  less  distinct  object  should  be  looked  at  directly ; 
and  should  it  lie  to  the  right  of  the  other,  the  face  of  the  sextant 
must  be  turned  downwards. 

In  order  that  the  angle  measured  may  be  a  horizontal  angle,  the 
two  objects  and  the  observer's  eye  must  be  at  the  same  leveL  When 
this  is  not  the  case,  three  methods  may  be  followed.  The  least 
accurate  is,  to  choose  by  the  eye  two  objects  in  the  same  vertical 
planes  with  the  objects  whose  relative  azimuth  is  to  be  found,  and 
as  nearly  as  possible  on  a  level  with  the  observer's  eye,  and  to 
measure  the  angle  between  these.  To  attain  greater  accuracy,  two 
vertical  poles  are  to  be  ranged  and  adjusted  by  the  plumb-line,  in 
the  directions  of  the  two  objects,  and  the  angle  between  them 
measured  with  the  plane  of  the  sextant  horizontal.  In  using  the 
box-sextant  for  the  details  of  a  survey,  one  or  other  of  these  methods 
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generic  «&<^«^*^  ^«5Qwte,    if    the     ground  i.  not  veiy 

^emo8fc«(M»tetB*^^  lA^umro   the  angle  between  the 

obiecta  ihemafcVr«s«»^^^'^  '^^  ^®  angle  of  altitude  or  depree- 
fionafeftch.    (TV»  tato^  ^  «^  ••^l^**  wUl  be  fnii^ 
xmder  tbe  bead  of  \evc\&Mt)  .^^^  zenith  diMaitce  of  each  object  is 
found  by  subtradang  i^  altitude  from,  or  adding  its  depranion 
to,  90*.  ^ 

In  fig.  33,  let  0 lepteBcnt  the  obeerver^s  station;  OB,  OC,  the 
directions  of  the  objects*,  B  0  C  the   angle  between 
thi^a ;  O  D  E  a  honzontBl  ^e;  I>  O  B  and  £00 
tike  altitudes  of  the  obiects',  0  A.  a  verticsal  line,  and 
A  D  E  a  spherical  surfBice. 

Then,  in  the  i^herical  triaBgle  ABC,  the  three  sides 
are  given,  viz.,  A  B  and  B  C,  the  aenitb  distances,  and 
B  C,  Hie  angle  between  tbe  objects;  and  tbe  borixontal       ^   ' 
projection  of  that  angle,  being  equal  to  the  angle  A,       ^* 
may  be  computed  by  the  proper  formula.    (See  Article  33,  Division 
v.,  equation  66,  p.  50.) 

39.  Vmm  •r  tiM  Cmmwmm  ia  Wmrwmffm^ — ^It  has  already  been  men* 

licmed  that  the  theodolite  is  usually  provided  with  a  compass, 

carried  on  Hie  centre  of  the  vernier-plate.    This  compass  consists  of 

a  magnetic  needle,  hung  by  an  agate  cap  on  a  point  in  the  centre  of 

the  instrument,  and  of  a  fiat  silver  ring  fixed  round  the  inside  of  the 

eompaas-boz,  and  divided  into  degrees  and  half-degrees,  the  num- 

boing  of  which  usually  commences  at  a  point  exactly  under  the 

telescope,  and  proceeding  towarde  the  left,  goes  completely  round 

tibe  circle,  ending  at  the  point  where  it  started,  which  is  marked 

360°.     There  is  a  small  catch,  by  pressing  which  the  magnetic 

needle  is  lifted  off  its  bearing  when  not  in  use,  to  avoid  unnecessary 

wear;  and  by  which  also  its  vibrations  are  gradually  checked  when 

an  observation  is  made.     To  find  the  magnetic  bearing  of  any  object 

from  a  given  station,  the  line  of  collimation  of  the  telescope  is 

directed  towards  it;  and  the  surveyor,  when  the  vibrations  of  the 

&eedle  have  ceased,  reads  the  angle  to  which  the  north  end  of  the 

needle  points,  and  which  denotes  so  many  degrees  to  the  east  ofnortfi. 

When  tiie  angle  to  the  east  of  north  exceeds  90°,  it  is  to  be  observed 

that  90^  east  of  north  means  east,  ISO"*  east  of  north,  eovihy  and 

270«  east  of  north,  ujest.     In  some  cases,  however,  the  ring  is 

dirided  into  four  qimdrants,  the  points  in  a  line  directly  under  the 

telescope  being  both  nuurked  O'',  and  the  points  in  a  line  perpen- 

diealar  to  the  telescope,  90°,  as  in  fig.  28,  p.  55;  and  then  the 

bearing  is  read  so  many  degrees  to  the  east  of  north,  west  of  north, 

cast  of  south,  or  west  of  south,  as  tbe  case  may  be. 

The  compass  most  frequently  used  in  surveying  is  the  PrienuUic 


68  KNGINEERma  OEODEST. 

CampetM,  consisting  of  a  glass-oovered  box  three  or  four  inches  in 
diameter,  in  which  is  hung  a  magnetic  needle :  the  needle  carries 
a  light  graduated  silver  ring  fixed  upon  it,  and  the  box  has  sights 
fixed  to  its  rinL  The  farther  sight,  when  in  use,  stands  upright  to 
a  height  equal  to  the  diameter  of  the  box,  and  contains  a  vertical 
slit  with  a  vertical  wire  in  the  middle.  The  near  sight  has  a  very 
small  slit  to  look  at  the  object  through,  below  which  is  a  totally 
reflecting  magnifying  prism,  so  placed  as  to  show  to  the  eye  of  the 
observer  a  reflected  and  magnified  image  of  that  part  of  the  edge  of 
the  graduated  ring  which  is  directly  below  the  Hne  of  sight.  He 
directs  the  sight  towards  an  object,  and  at  the  same  time,  and  with 
the  same  eye,  reads  its  bearing  on  the  ring.  In  order  to  show^ 
bearings  in  degrees  to  the  east  of  north,  the  numbering  of  the 
degrees  on  the  ring  begins  at  the  south  end  of  the  needle,  proceeds 
towards  tJie  right,  and  goes  completely  round  to  360", 

The  "  CirintmfererUer"  is  a  compass  with  sights  mounted  on  a 
stand,  chiefly  used  in  surveys  of  mines. 

The  horizontal  angle  subtended  by  two  objects  may  be  found  to 
a  rough  approximation  by  taking  the  difference  of  their  magnetic 
bearings. 

The  compass  cannot  be  read  in  surveying  to  less  than  a  quarter 
of  a  degree;  and  considering  the  continual  changes  which  go  on  in 
the  earth's  magnetism,  and  the  efiects  of  local  attraction,  it  is 
thought  doubtful  by  the  best  authorities  whether  magnetic  bearings 
can  be  relied  upon  even  to  half  a  degree.  Hence,  although  it  is 
a  convenient  instrument  for  filling  up  small  details,  and  making 
rough  surveys,  it  is  not  to  be  used  where  accuracy  is  required. 

It  is  usual  to  mark  the  magnetic  north  upon  a  plan,  and  this  can 
easily  be  done  by  taking  the  magnetic  bearing  of  one  of  the  principal 
station-lines.  The  true  north  ought  to  be  shown  also,  and  the 
means  of  finding  its  direction  will  be  explained  in  Article  42. 

40.  Okac  Tric*B*ai«tric«i  Sarrer. — The  general  nature  of  a  sur« 
vey  of  this  class  has  already  been  stated  in  Article  12,  Division  (c), 
p.  13,  viz. : — ^measuring  one  base-line  with  extreme  accuracy,  and 
finding  the  lengths  of  all  the  other  sides  of  triangles  by  calculation 
from  their  angles.  A  few  sides  of  triangles  may  be  measured  in 
parts  of  the  survey  far  distant  from  the  original  base,  in  order  to 
test  the  accuracy  of  the  whole  work :  these  are  called  bases  of 
verification. 

The  trigonometrical  calculations  required  in  a  survey  of  this  class 
consist  almost  entirely  in  computing  the  remaining  sides  of  a 
triangle  when  one  side  and  two  of  its  angles  are  given :  as  to  which 
computation,  if  the  triangle  is  sensibly  plane,  see  Article  33, 
Division  lY.,  equation  35,  p.  43,  and  if  it  is  sensibly  spherical,  see 
Article  33,  Division  VI.,  pp.  51  to  53. 
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II  Cliecfciiu,  ^^^'^^  whole    three     u^^lea  of  each   gn^t 

triangle  8hJd\)etiif^V'''i?^^''   ^^*^*    ^**«    «^cunicy  ofSL 
ofcZaiionBmay\)eche.kedby^^  together,  wh'^ntW 

(mgU  to  amouiit  to  IBO  (  +  the  sphei-ical    eixioeas,  if  Bensihle  •  «2 
Article  33,  Di^o^  ^- «l^^^;^^  ^» .  P-  ^^S)-        The  treatment  ^ 
imaYoidaUe  enow  W  been  explained  m  .A^rticle  33,  Kvigion  vj 
Pro\>lem4,p.53. 

The  accuracy  of  the  measarement  of  the   ixkterTia]  aogles  of  anv^ 
polygon  on  the  earth's  Borface  may  \>o  cHeok:e<i   by  addinir  them 
together  j  when,  if  n  denotes  the  nnmber  of  tlxe  aides  of  the  polrflon 
the  angles  ought  to  amount  to  r^  Jis^  , 

(n-  2)  180»  +  the  spherical  exoem,  calculated  from  the 
area  of  the  figure  as  for  a  triangle. 

HL  Checking  Stdea. — In  a  complete  ixeirwork  of  triangles,  it  wiJl 
always  be  found  that  many  of  the  sides  are  so  plaoed  that  their 
lengths  can  be  calculated  independently  from  different  sets  of  data. 
wlick  gives  the  means  of  checking  the  accuracy  of  the  measoremeiita 
and  calculationa 

IV.  Prolonging  the  ^om.— As  it  ia  necessary  that  the  base  should 
be  measured  on  a  level  piece  of  ground,  it  is  in  general  of  limited 
extent,  and  much  shorter  than  the  sides  of  the  great  triangles  *  and 
its  endjs,  also,  are  seldom  in  commanding  pnositions  suited  for  stations 
Such  a  base  line  is  ^'prolonged"  by  ranging  straight  lines  in  con- 
tinuation of  it,  at  one  or  both  ends,  tintil  a 
mfficient  length  has  been  obtained  and  suit- 
able stations  reached,  the  length  of  such 
additional  lines  being  computed  from  angular 
measurements,  as  follows: — In  fig.  34,  let 
A  B  be  the  measured  base,  and  B  E  a  line 
raxiged  in  continuation  of  it.  Choose  a 
lateral  station  C,  so  that  A  B  0  and  B  C  E 
shall  be  well-conditioned  triangles;  measure 
the  three  angles  of  each  of  these  triangles; 
from  the  angles  A  C  B,  C  A  B,  and  the  base 
A  B,  compute  the  side  B  C;  and  from  that 
-  ade,  and  the  angles  C  E  B,  B  C  E,  compute  the  additional  length 
B  E.  Take  another  lateral  station  D,  at  the  opposite  side  of  the  ba«e, 
and  by  solving,  in  the  same  manner,  the  triangles  A  B  D,  D  B  i^ 
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compute  B  E  from  independent  data,  so  lui  to  check  the  previous 
detennination  of  its  length. 

E  H  repi^sents  a  farther  prolongation  of  the  base  line,  and  F  and 
G  the  lateral  stations  which  form  the  triangles  by  means  of  which 
its  length  is  computed.  At  each  of  those  stations  angles  are 
measured  between  all  the  previously  determined  points,  A,  B,  E,  in 
order  that  there  may  be  as  many  ways  of  verifying  the  calculations 
as  possible.  In  the  same  manner  the  base  may  be  prolonged  either 
way  as  far  as  may  be  deemed  necessaiy. 

V.  Enlarging  Triangles, — A  mode  of  connecting  a  compaiativelj 
short  base  with  the  sides  of  laige  triangles,  without  prolonging  it, 
or  introducing  ill-conditioned  triangles,  is  as  follows : — In  ^g,  35, 
let  A  B  represent  the  base.     Choose  two 
stations  C  and  D,  at  opposite  sides  of  the 
base,  and  as  far  from  each  other  as  la  copr 
sistent  with  making  A  C  B  and  A  D  B 
well-conditioned  triangles.     From  each  of 
those  four  points  measure  the  angles  sub- 
tended  by  the  other  three.    Then  calculate 
^"^  ^^'  the  sides  A  C,  C  B,  B  D,  D  A;  when  there 

will  be  data  for  computing  the  length  of  C  D  in  a  variety  of  different 
ways,  which  will  check  each  other.  Taking  C  D  as  a  new  base, 
choose  a  pair  of  stations  E  and  F  still  fei-ther  asunder,  and  proceed 
as  before  to  determine  the  distance  E  F,  and  so  on  until  a  distance 
has  been  determined  sufficiently  long  to  serve  as  the  side  of  a  pair 
of  triangles  in  the  great  triangulation. 

41.  Gwmai  Trmrwain^  Mmrrvy. — ^The  general  nature  of  a  survey  of 
this  class,  as  usually  required  for  a  long  line  of  communication,  has 
been  explained  in  Article  12,  pp.  12, 13,  and  illustrated  by  figure  3, 
p.  12.  Some  further  explanation  will  now  be  given  on  the  follow- 
ing points : — 

I.  Checking  DiMa/rvceB  and  Angles. — ^The  lateral  objects,  such  as 
F,  G,  H,  &C.,  in  fig.  3,  are  generally  inaccessible  or  unavailable  as 
stations  for  the  theodolite;  so  that  the  only  angles  measured  for 
the  main  triangulation  are  those  at  the  stations  A,  B,  C,  &c  If 
errors  were  impossible,  the  measurement  of  the  base  lines  A  B, 
B  C,  C  D,  <fec.,  and  of  the  angles  between  them,  A  B  C,  B  C  D,  &c., 
woidd  be  sufficient  to  determine  their  lengths  and  directiona  The 
use  of  the  lateral  objects  is  to  check  the  results  of  those  measure- 
ments, in  the  following  manner : — 

In  the  triangle  A  B  F,  the  side  A  B,  and  the  angles  at  A  and  B 
having  been  measured,  calculate  the  side  B  F.  In  the  triangle 
B  F  C,  the  side  B  F  having  been  calculated,  and  the  angles  at  B 
and  C  having  been  measured,  calculate  the  side  B  C ;  the  result 
being  compa^  with  the  length  of  the  same  line  as  measured  oa 


SZted  byV  ^^>  *^'  Y^^^g^^g  a.  \.^«^line.  In  that  fiJ^ 
ABiMybeMdtot^V^^  ^  laieaanrea  portion  of  the  gtaSon- 
lme,andBi;otBU,^«  Pjp  «  ma^x«»sil>le  distmnce.  The  ddee 
of  UwrliamItnMig\»fc^?^  -to  aetermine  that  dlHtance 

may  ak)  \)e  naed  a»  atoXm-\mea  for  tVie  det&Us  of  the  survey. 

Fig.  Se  aboini\iaw  adutoce  C  1>  \>etweeii  two  objecta  is  to  be 
mea^ied,  when  \>ot\i  enoa  of  it  are  inaccessible  to  chainina, 
MeawwaUse  A  B,  Viamf^  ita  eada  ao  situated 
thai  the  ax  lioeft  ooimectaiig  tbem.  and  the 
ol^eds  C  and  1)  mt\i  eac^  otkier  may  form  well- 
oonditioaed  triangles,  and  at  t\iQ  stations  A.  and 
B  measure  the  as^es  C  AD,  D  A.  IB,  A.  B  O, 
CBD.    la  the  ttiaDg^e  CAB,  compute  the 

adet  AC,  BC;  in  the  triaagle  B  A  B,  compute  

the  sides  AD,  BB.     Then,  in  tlie    triangle         ^  vi   ^ 
C  AD,  in  which  the  aides  AC  and  A D,  and  * 

the  included  an^e  at  A  are  given,  compute  the  third  side  C  D  as 
ahovn  in  Article  33,  Diyision  IV.,  Problem  2,  equations  37,  38  •■ 
abo  compute  C  B  by  the  same  process  as  the  third  side  of  the 
trian^  O  B  B ;  the  two  results  will  check  each  other. 

42.  viiirfiiis  the  OKcrUteB.— For  the  purpose  of  laying  down  the 
direction  of  the  true  north  on  the  plan  of  an  engineering  survey 
the  angle  which  one  of  the  principal  station-lines  makes  ^th  the 
meridian  most  be  determined,  though  not  with  the  same  accuracy 
that  is  required  for  astronomical  and  geographical  purposes.  The 
following  are  some  of  the  methods : — 

1.  By  the  Tufo  greaiest  EUmgcUMnaofa  Gireumpolar  ^ytor.— This, 
ihe  most  accurate  method,  consists  in  observing  the  greatest  and 
least  horizontal  angles  made  by  a  star  near  the  pole  with  a  station- 
line  of  the  survey,  when  the  star  is  at  its  greatest  distances  east 
and  west  of  the  pole,  and  taking  the  mean  of  those  angles,  which 
is  the  true  azimuth  of  the  station-line,  or  horizontal  angle  which  it 
makes  with  the  meridian.  In  the  northern  hemisphere  the  Pole- 
star,  m  XJrse  Minoris,  is  the  best  for  this  purpose. 

Tins  method,  however,  is  seldom  practicable  with  an  ordinary 
theodolite,  as  in  general,  one  of  the  observations  must  be  made  by 
daylight 

IL  By  equal  dUUudes  of  a  Star.^The  theodolite  being  at  a 
station  in  the  station-line  i^oaen,  measure  the  horizontal  angle  from 
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the  station-line  to  any  star  which  is  not  near  the  highest  or  lowest 
point  of  its  apparent  daily  course^  and  take  also  the  altitude  of  that 
star.  Leave  the  vertical  circle  clamped,  and  let  the  instrament 
i^main  perfectly  undisturbed  until  the  star  is  approadiing  the  same 
altitude  at  the  other  side  of  its  apparent  circular  course.  Then, 
without  moving  the  vertical  circle,  direct  the  telescope  towards  the 
star,  clamp  the  vernier-plate,  and  by  the  aid  of  its  tangent-screw^, 
follow  the  star  in  azimuth  with  the  cross  wires  until  it  arrives 
exactly  at  its  former  altitude,  as  is  shown  by  its  image  coinciding 
with  the  cross  wires;  then  measure  the  horizontal  angle  between 
the  new  direction  of  the  star  and  the  station-line :  the  mean  between 
the  two  horizontal  angles  will  be  the  true  azimuth  of  the  station- 
line.* 

In  both  the  preceding  processes  it  is  to  be  understood  that  the 
mean  of  two  horizontal  angles  means  their  half'Sum  when  they  are 
at  the  same  side  of  the  station-line,  but  their  half-diffhrence  when 
they  are  at  opposite  side& 

The  second  method  may  be  applied  to  the  sun,  observing  the 
8un*s  west  limb  in  the  forenoon  and  east  limb  in  the  afternoon,  or 
vice  versd;  but  in  that  case  a  correction  is  required,  owing  to  the 
sun's  change  of  declination.     When  the  sun's  deelinaticHi  is  chang«> 

^  > ,  the  approximate  direction  of  the  meii- 

dian,  as  found  by  the  method  just  described,  is  too  far  to  the 

<   i£..    > .     The  correction  required  is  given  by  the  formul%t 

chanire  of  sun's  declination  ^^         »  ^.^   *   v>  ^  « 

— -2 X  sec  •  latitude  X  cosec  ^  angular 

motion  of  sun  between  the  observations •••  (1.) 

III.  By  One  greatest  Elongation  of  a  Cireumpolar  Star, — To  use 
this  method,  the  polar  distance  of  the  star,  and  the  latitude  of  the 
place,  should  be  known.     Then 

sin  *  azimuth  of  star  at  greatest  elongation 

s=  sin  ' polar  distance  -r-  cos 'latitude;  (2.) 

and  this  azimuth,  being  added  to  or  subtracted  from  the  horizontal 
angle  between  the  station-line  and  the  star,  when  at  its  greatest 
elongation  (according  as  the  station-line  lies  to  the  same  side  of 

*  In  observiDg  at  night  with  the  theodolite,  it  is  necessary  to  throv,  by  means  of  a 
lamp  and  a  small  mirror,  enough  of  light  into  the  tube  to  make  the  cross-wires  risible^ 

t  At  the  equinoxes,  the  rate  of  change  of  the  sun's  declination  is  abont  69"  per  hours 
and  it  varies  nearly  as  the  cosine  of  the  son's  right  ascension* 


7IHD3Q  THK    MEBIBIAK.  73 

the  meiidiaii  with  the  star,  or   to  the  opposite  side)  gires  the 
azmnith  of  the  istatioii-lme.* 

rV.  By  obaerving  the  AUilude  of  a  Star,  and  the  fforizonUU 
AngU  between  U  and  the  StationUine. — The  altitude  being  corrected 
for  refraction,  the  aamuth  of  the  star  is  computed  by  taking  the 
seniih-distoiice,  or  complement  of  that  altitude,  the  polar  distance 
of  tile  star,  and  the  co-latitade  of  the  place,  as  the  three  sides  of 

*  The  (bDowing  b  « table  of  the  polar  dleteooa  of  a  fcw  of  the  mora  oooepieaooe 
■tttifiDr  the  let  of  Jamury,  1861,  together  with  the  annual  ntm  at  which  thoee 
dutaooM  lie  changing,  +  denoting  incnaae,  and  —  dlmiaotioo:^ 

KORTHEBN  HEMISPHERE. 
BtAM.  Korth  Pdar  Dbtanee.   Bataof  ABBnalYeiletloa. 

Aodnraeds, «!•  40'  87" 

Uns  MlDorie  (Poi»-Star), 1  25  63 

Aiiedi^ 67  11  48 

Ced,. 86  27  29 

Perw, ^ 40  88  14 

Taori  (Aldebaran), 73  46  24 

Auriga  (CapeOaX 44  8  63 

Oiioois  (Betielgeiue), 82  87  21 

Geminomm  (Castor)^ 67  48  88 

CanlaMiaoris(Proeyon),^ 84  25  18 

Geomionmi  (Pollux), 61  88  80 

Leonis  (Begohia) 77  21  18 

UtMDHaJorii, 27  29  69 

UnaMigorb, 89  69  81 

Bootb  (Aictoms), 70  5  82 

Ophinchi, 77  80  9 

LynB(Vega), 61  20  87 

AqoiliB  (Altair), 81  29  46 

C)gni, 46  12  68 

Pcgaal  (Maikab), 76  82  81 

SOUTHERN  HEMISPHERE. 
SsAS.  South  Polar  DIstanoe.  Rate  of  Annual  Yariatfam. 

8    Orioidi  (RigelX 81°  88^    6" 

Colomba, 66    61     0 

Argda  (Canopna), 87    22  44 

Ganis  Majorie  (SirinsX 73    28   17 

Hydne, 81    66  81 

ArgOa, 81      2  46 

Croda, 27    40   21 

ViiginJe  (Spiea), 79    83   66 

Cotanri, 29    44  86 

8cotpii(Antaze8>, 63    62  48 

Triangnfi  Amtrails, 21    14     8 

Pavonia, 82    49   26 

Gmia, 42    22     6 

PiadeAiiatnlia^omaihant), 69    88  81 
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a  spherical  triangle ;  when  the  azimuth  of  the  star  will  be  the 
angle  opposite  the  side  representing  the  polar  distance.  (See  Article 
33,  Division  Y.,  Problem  6,  p.  50.)  llie  azimuth  <^  the  station- 
line  is  then  to  be  found  as  in  Method  III. 

Y.  Approximate  Method  by  observing  certain 

Stars. — It  is  remarked  by  Mr.  Butibr  WiUiamB, 

that  a  great  circle  txttversing  the  P<de-star  (m 

I  Ur8»  Minoris),  and  the  star  Alioth  in  the  Great 

j  Bear  (i  Ursie  Majoiis),  passes  very  near  the  pole. 

I        ^'      Hence,  in  the  northern  hemisphere,  a  meridian-* 

I  \       ^  line  may  be  fixed  approximately  by  observing; 

^     f      ^         with  the  aid  of  a  plumb-line,  the  instant  when 

JL  those  two  stars  appear  in  the  same  vertical  plane, 

n  ^  as  shown  in  fig.  37.     The  Pole-star  is  marked  A. 

Fig.  8*.  When  two  points  on  the  earth's  sorfaee  have 

the  same  latitude,  but  different  longitudes,  the  hori20iital  angle 

made  by  their  meridians  with  each  otiier  is  found  by  the  following 

equation ; 

sin  ^  horizontal  angle  =  sin  -^  difference  of  long.  X  sin  *  lat.  (3.) 

43.  Plottinc  and  PMiMeitag**-The  most  accurate  method  of  lay- 
ing down  the  angles  of  great  triangles  on  paper  is  to  calculate  the 
lengths  of  the  sides  of  the  triangles,  and  plot  them  with  beam- 
compasses  like  chained  triangles  (Article  30,  p.  31). 

To  plot,  according  to  this  principle,  a  solitary  angle,  like  that 
between  a  station-line  and  the  meridian,  a  circle  is  to  be  drawn, 
with  as  large  a  radius  as  is  practicable,  roimd  the  station  where  the 
angle  is  to  be  laid  down.  Then  the  distance  between  the  points 
where  the  two  lines  enclosing  the  angle  cut  that  circle  is  found  by 
multiplying  the  radius  by  the  chord  of  the  angle — ^that  is^  twice  the 
sine  of  half  the  angle. 

But  to  save  time  where  less  accuracy  is  required,  especially  in 
laying  down  secondary  triangles  and  details,  angles  are  laid  diown 
at  once,  or  '<  protracted,"  by  the  aid  of  instruments  called  '^  pro- 
tractors ;"  being  fiat  graduated  circles  or  parts  of  circles,  which  are 
laid  on  ^e  paper.  They  are  of  various  constructions  and  various 
degrees  of  accuracy. 

The  most  accurate  Circular  Protractor  has  a  round  piece  of  plate- 
glass  in  its  centre,  through  which  the  paper  can  be  seen.  The 
under  side  of  the  glass  touches  the  paper,  and  has  the  centre  of  the 
graduated  circle  marked  on  it  by  a  fine  cross.  The  circle  is 
divided  to  half-degrees,  and  subdivided  to  minutes  by  the  vernier 
on  its  index.  The  index  has  two  diametrically  opposite  arms, 
each  of  which  has  hinged  on  its  end  a  biunch  carrying  a  pricker. 


it\k\\s^\i^^^ ^^ t^qioMced  dem.-^  .T*!?*^*-  ^^^^^^  ihe index 
W  WiLtan«iiV)  •^^^jieswi  doW^  I*.^^  mimite  on  the  circle 
tde  two  \m^  •^vldiWfim  tWi!^^^^^^  ""^^^  t'^o 

pointB  on Oie W«*/V^dtm«iit  \iik«  V*2~^^  <lirection,  and  which 

circle.    ItiBoft^nCOUtei^^^  ^^  ofthoeeprickei? 

»gi^iiateddide(»*^f^'/f^^^      «^e   etotre  of  which  linee 

makinff  any  wm^  atxp^^  «^  "awn,  ai^<i  their  direction*  tiana- 

ien^«,%»\^Y^'i!^'^^^^}'^^^^^    station  on  the  paper,  by 
iAelid  of  a  WgeMidacc«»^\^  ""^^    ^ 

The  SewMCMTCiOor  PMrMtor  Wa  a  stnd^t  side,  which  can  be 
did  along  a  stoaglit-e^  taedto  t\ie  t&Ue  or  diuwing-boaid  into 
any  leqniied  poation.  1^  md«L  naa  a  long  arm  projecting  beyond 
tlie  oiicLe,  iiriih  a  Httaagbt  Mucial  edge,  wUch  is  used  to  rule  lines 
in  any  x^qnired  directioYi  t\ixo\ig|ii  any  steition  on  the  plan. 

44.  TnTcniaS  •■  *  ■■■^  ••■*•  ^»a  been  referred  to  in 


__- _  J  in  Article 

12,  DiTioon  (c),  p.  13,  as  a  means  of  surveying  l<Mig,  narrow, 
and  winding  objects  in  detail  The  most  accurate  way  of  perform* 
ing  it  is  to  form  a  series  of  triangles  by  means  of  lateral  objects^ 
as  aheady  described  in  that  article,  and  in  Article  41,  the  checking 
of  the  accuracy  of  the  work  being  tested  by  plotting,  without 
calcoktion.  Each  lateral  object  is  traversed  by  at  least  three  lines 
from  difierent  stations  in  the  survey ;  and  those  three  or  more  lines 
will  intersect  each  other  in  one  point  on  the  paper,  if  the  station* 
lines  between  the  stations  and  the  angles  at  the  stations  have  been 
correctly  measured  and  plotted. 

In  almost  all  mining  surveys,  and  in  some  above  ground,  it  is 
impoosible  to  take  suitable  angles  to  lateral  objects,  the  only  angles 
capable  of  being  measured  being  those  which  the  station-lines  make 
with  ea^  other.  In  such  cases  the  station-lines  should  be  laid  out 
so  as  to  return  to  the  starting-point,  and  form  a  ^'  closed  polygon." 
The  accuracy  of  measurement  of  the  angles  may  then  be  tested  by 
taking  the  sum  oi  all  the  <^ salient"  angles  of  that  polygon — ^that 
is,  of  those  which  project  outwards— and  subtracting  fi^m  it  the 
sum  of  the  "  re-entering  angles" — ^that  is,  of  those  which  project 
inwards.  The  result  (which  is  the  algebraieal  sum  of  the  angles  of 
Oie  polygon)  oi^ht  to  be 

180^  X  |number  of  salient  angles  —  2 

—  number  of  re-entering  angles| ....  (1.) 

Before  plotting  sucli  a  survey,  the  angle  made  by  each  station- 
line  with  one  fixed  direction  ought  to  be  computed  (by  successive 
addi^ns  or  subtractions  of  the  angles  which  those  lines  make 
with  each  other)  and  protracted  on  the  paper  by  drawing  a  line  to 
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repreBent  that  fixed  direction^  placing  the  zero-points  of  the  pro- 
tractor on  that  line,  and  laying  off  the  directions  of  the  several 
station-lines  as  described  in  Article  43.  The  accuracy  of  the  meas- 
urement of  distances,  and  of  the  plotting  of  distances  and  angles,  is 
tested  by  the  exactness  with  which  the  end  of  the  last  station*line 
on  the  paper  coincides  with  the  starting-point  of  the  first 

In  surveying  by  traversing  toith  the  compass  and  chain,  the  angles 
obsei-ved  at  each  station  are  the  directions  which  the  station-lines 
that  meet  at  it  make  with  a  fixed  or  nearly  fixed  direction,  yiz., 
that  of  the  magnetic  meridian.  The  zero-line  on  the  paper,  there- 
fore, represents  that  meridian;  and  the  angles  protracted  from  it 
are  simply  the  several  magnetic  bearings  of  fiie  station-lines.  Tra- 
versing with  the  compass  and  chain  is  accordingly  an  easy  and 
rapid  method  of  surveying;  but  as  explained  in  Article  39,  p.  67, 
its  want  of  accuracy  makes  it  suitable  only  for  small  or  rough 
surveys. 

45.  PloctlBC  ^7  Bccmncalar  Ca-oWUaatcst  or  by  Norihlags,  8o«ik» 
lags,  KMtingB,  and  li^cMiBgB,  is  the  most  accurate  way  of  plotting  a 
traverse,  because  the  position  of  each  station  is  plotted  inde- 
pendently, and  not  affected  by  the  errors  committed  in  plotting 
previous  stationa  It  consists  in  assuming  two 
fixed  lines  or  aaxs,  as  O  X  and  O  Y,  fig.  38, 
crossing  each  other  at  right  angles  at  a  fixed 
point  O,  computing  the  perpendicular  distances 
or  co-ordinates  of  each  station  from  those  two 
axes,  and  plotting  the  position  of  each  station 
—^  by  the  aid  of  a  straight-edged  scale  fixed  par- 
Fig.  88.  allel  to  one  of  the  axes,  and  a  T-square  sliding 
along  it,  so  as  to  rule  lines  parallel  to  the  other  axis,  and  at  any 
given  distance  from  it,  and  of  any  given  length.  When  the  direc- 
tion of  the  true  meridian  has  been  ascertained,  it  is  best  to  make 
one  of  the  axes  represent  it;  and  in  that  case  the  co-ordinates  par- 
allel to  one  axis  will  be  the  distances  of  the  stations  to  the  north  or 
south  of  the  fixed  point  or  "  origin "  O,  and  those  parallel  to  the 
other  axis  will  be  their  distances  to  the  east  or  west  of  the  same 
point ;  whence  the  phrase,  "  Northings,  Southings,  Eastings,  and 
Westings."  If  the  true  meridian  is  unknown,  any  fixed  direction 
will  answer  the  purpose,  and  may  be  called  "  the  Meridian  "  for  the 
occasion,  and  one  of  its  ends  *'  the  North."  The  calculations  to  be 
performed  are  the  following : — In  the  figure,  let  O  Y  represent  "the 
Meridian,"  Y  being  towards  "the  North."  One  of  the  stations  in 
the  survey  is  to  be  taken  as  the  origin  O.  Let  A  be  the  next 
station,  and  O  A  its  distance  from  0.  If  Y  0  A,  as  in  the  figure, 
is  an  acute  angle,  A  is  to  the  northward  of  O ;  if  an  obtuse  angle, 
to  the  southward;  if  Y  O  A,  as  in  the  figure,  lies  to  the  right  of 
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the  meridian,  A  is  to  the  eastward  of  O ;  if  to  the  left,  to  the  wesi^ 
vard;  and  the  co-ordinates  of  A  are  as  follows  (I  denoting  the 
angle  Y  O  A):— 

Northing  O  o^  =  a  A  (or  if  negative,  Southing).  =  O  A  •  cos  I; )  y,  . 
Easting,  O  a  =  tf'  A  (or  if  n^^ative,  Westing)  ..  =  O  A  *  sin  I.  /  ^  ** 

In  the  same  manner  are  to  be  computed  the  coordinates  of  the 
third  station  B  rdativdy  to  A ;  viz. : 

<^6'  =  ABcosr;  a6  =  AB-8inr;  (2.) 

(where  /  denotes  the  angle  made  by  A  B  with  the  meridian);  also 
the  co-ordinates  of  C  rdaiively  to  B,  and  so  for  each  successive 
station.  In  the  figure,  it  will  be  observed  that  the  direction  of 
B  C  deviates  to  the  westward  of  north,  so  that  6  c  is  a  '*  Westing,** 
and  is  to  be  considered  as  n^^tive.  The  results  of  these  calcula- 
tions are  to  be  entered  in  a  book,  in  four  columns — for  northings, 
muthings,  eastings,  and  westings  respectively.  Then  in  four  other 
columns  are  to  be  entered  the  total  northing  or  southing,  and  east- 
ing or  westing,  of  each  station  from  the  origin  or  first  station,  com- 
puted by  adding  all  the  successive  northings  and  subtracting  the 
iouthings,  made  in  traversing  to  the  station,  the  result  being  a 
northing  if  positive,  a  southing  if  negative;  and  by  treating  the 
eastings  and  westings  in  the  same  manner. 
These  calculations  are  expressed  by  symbols  as  follows: — Let 

db^  denote  the  total  I  ^^^^  I  of  a  station,  and  =±i  x  its  total 

I  ^ifcT^  f  ^  ^  *^®  length  of  any  given  station-line,  and  i  the 
angle  which  it  makes  with  the  meridian  from  the  north;  observing 
that  both  i  and  sin  I  are  <  ^^  ,-      >  according  as  that  angle  lies 

to  the  'I     ^  I*  of  the  meridian,  and  that  cosines  of  obtuse  angles 

ue  negative.     Then 

y-=2-Lcos#;)  /ox 

«=2-Lsin^/  ^'^') 

This  method  is  chiefly  useful  in  surveying  mines,  but  may  also 
be  applied  with  advantage  to  some  surveys  above  ground,  such  as 
those  of  towns.  The  book  forms  a  record  of  the  position  of  each 
station,  independently  of  the  plan ;  and  it  may  be  made  more  com* 
plate  by  the  addition  of  a  column  containing  the  elevations  of  the 
stations  above  a  datum  horizontal  surface.  This  will  be  further 
considered  under  the  head  of  levelling. 

46.  The  Pkuie^aMe  is  a  drawing-board,  having  a  sheet  of  paper 
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gtrained  on  it,  motinted  on  a  portable  three-legged  stand^and  capable 
of  turning  about  a  yertical  axis,  and  of  being  adjusted  bj  screws 
(like  the  azimuth  circle  of  a  theodolite)  to  a  horizontal  position,  as 
shown  by  a  spirit-level  laid  on  its  surface. 

The  yertical  axis  has  a  clamp  and  a  tangent-screw  to  adjust  the 
table  to  any  required  position. 

The  index  is  a  flat  straight^ged  ruler,  having  upright  sights 
at  its  ends. 

The  use  of  the  plane-table  resembles  trigonometrical  surveying 
on  a  small  scale,  except  that  the  angles,  instead  of  being  read  off 
on  a  horizontal  circle  and  afterwards  plotted,  are  at  once  laid  down 
on  paper  in  the  field.* 

Fig.  39  illustrates  the  principle  of  surveying  with  the  plane-table. 
The  first  operation  is  to  measure  carefully  a  base  on  the  ground, 
A  B,  and  to  lay  down  on  the  paper  a  straight  line  a  6,  to  represent 
that  base  on  a  suitable  scale.     The  instrument  is  then  to  be  placed 

and  levelled  at  the  station  A,  the 
point  a  on  the  paper  being  directly 
N^  above  the  point  A  on  the  ground; 

a  needle  is  to  be  fixed  upright  at  a; 
and  the  index  being  laid  on  the 
table,  so  that  its  fiducial  edge  shall 
lie  exactly  along  the  line  a  b,  the 
table  is  to  be  turned  until  the  sights 
^y^'  of  the  index  are  in  a  line  with  the 

^\       ^^^'^  farther    station    B,    and    adjusted 

^>'^'  exactly  to    that   position    by   the 

pj-  39  tangent-screw.     The  table  remain- 

ing steady,  the  index  is  to  be  turned 
so  that  while  its  fiducial  edge  still  touches  the  needle  at  ct,  its  line 
of  sight  shall  be  successively  directed  towards  all  the  important 
objects  whose  positions  relatively  to  the  base  A  B  are  to  be  found, 
such  as  C  and  D;  and  with  a  fine  hard  pencil  lines  are  to  be 
drawn  along  the  edge  of  the  index  pointing  towards  those  objects 
from  a.  The  table  is  now  to  be  shifted  from  A  to  B,  and  the 
needle  from  atob,  the  point  b  on  the  paper  being  placed  exactly 
over  B  on  the  ground;  Uie  index  being  laid  along  b  a,  the  table  is 
to  be  adjusted  till  the  sights  are  in  a  line  with  A.  The  index  is 
then  to  be  turned  so  that  while  its  fiducial  edge  still  touches  the 
needle  at  6,  its  line  of  sight  shall  be  successively  directed  towards 
the  same  objects  as  before,  and  short  lines  pointing  from  b  towards 
those  objects  are  to  be  drawn  along  its  edge,  intersecting  the  lines 

*  To  protect  the  paper  against  the  effiscta  of  the  alternate  moisture  and  dryness  of 
the  lUr,  Captain  Sibom  recommends  that  its  lower  side  shoald  have  spread  over  it 
the  beat-up  white  of  an  egg  before  it  ia  laid  on  the  board. 
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previously  drawn ;  ^e  points  of  intersection,  snch  as  c  and  d,  mark 
the  objects  on  the  paper.     The  details  are  filled  in  by  sketching. 

The  objects  thus  laid  down  include  poles  at  points  suited  for 
additiooal  stationa  On  removing  the  table  to  one  of  those  new 
statioDSy  sach  ss  C,  the  needle  is  to  be  fixed  at  the  point  c  represent- 
ing that  station  on  the  paper,  and  the  index  is  to  be  placed  with 
its  edge  touching  that  needle,  a|id  traversing  also  a  point  represent- 
ing one  <^  the  former  stations,  such  as  cl  The  table  is  then  to  be 
tonied  so  that  the  sights  shall  be  directed  towards  a  pole  fixed  at 
that  former  station;  and  then  all  the  lines  on  the  paper  will  be 
paralld  to  the  corresponding  lines  on  the  ground;  and  the  survey 
of  additional  objects  from  the  new  station  may  be  proceeded  with 


The  phune-taUe  is  well  salted  for  sorveying  where  minute 
aociuacy  in  detaihi  is  not  required,  the  end  in  view  being  to  show 
the  relative  positions  of  the  more  important  objects  on  the  ground. 
It  is  therefore  more  useful  for  topographical  and  military  purposes 
than  fat  those  of  engineering.  For  full  information  as  to  its  use, 
me  fithom  On  Topo^praj^ical  JSfurveying  and  Drawing. 
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CHAPTER  IV. 

OF  LEVELLING. 

47.  8etaai-«at  m  iiiae  of  SeetioB. — Preparatory  to  taking  the 
levels  of  the  grouDd  along  the  line  of  a  pi-oposed  vertical  section, 
that  line  is  to  be  '^ranged/*  bj  marking  on  the  ground  with  whites, 
poles,  and  permanent  marks  where  required,  the  points  where  the 
line  of  section  crosses  all  streams,  lines  of  communication,  bound- 
aries, &c.,  and  a  sufficient  number  of  other  points  to  enable  it  to  be 
exactly  followed.  For  that  purpose,  a  tracing  is  to  be  made  of  so 
much  as  may  be  necessary  of  the  plan  on  which  the  intended  line 
of  section  is  drawn,  and  the  distances  of  that  line  from  comers  of 
fences  and  other  definite  objects  are  to  be  carefully  measured  on  the 
original  plan,  and  marked  in  figiires  on  the  tracing.  An  assistant 
goes  over  the  ground  with  this  tracing,  and  marks  the  points  in 
accoixlance  with  it.  Should  the  leveller  see  fit  to  alter  the  line  in 
any  respect  as  he  goes  along  it,  or  should  it  be  left  entirely  to  hie 
own  judgment  to  choose  it,  as  is  often  the  case  with  trial  sections, 
the  distances  of  a  sufficient  number  of  points  in  it  from  objects  on 
the  ground  can  be  measured  on  the  spot  and  noted  on  the  tracing, 
so  as  to  enable  the  line  of  section  chosen  to  be  laid  down  on  the 
plan. 

48.  The  Spirti*i«eT«i  strictly  speaking  is  a  glass  tube  B  0,  fig«  40, 
hermetically  sealed  at  both  ends,  containing  some  very  limpid 

liquid,  such  as  alcohol,  chloroform,  or  sul- 
phui*et  of  carbon,  and  a  bubble  of  air  A, 
^    and  having  a  slight  curvature,  convex 
^«  40.  upwards.    That  cui'vature  is  much  exag- 

gerated in  fig.  40,  being  in  reality  so  slight  as  to  be  imperceptible,  or 
nearly  so,  to  the  eye.  The  air-bubble  places  itself  at  the  highest 
point  in  the  tube ;  and  a  tangent  to  the  upper  internal  surface  of 
the  tube  at  that  point  is  horizontaL  The  glass  tube  is  usually  fixed 
in  and  protected  by  a  brass  case.  When  the  instrument  to  which 
the  spirit-level  belongs  is  in  adjustment,  the  centre  of  the  bubble  is 
in  the  middle  of  the  tube.  When  the  bubble  deviates  from  that 
position,  it  indicates  that  a  tangent  to  the  middle  of  the  tube  devi- 
ates from  a  horizontal  position  through  an  angle  whose  value  in 
seconds  is — 
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deviation  of  bubble 
radius  of  curvature  of  tube ' 


.;kz; (1) 


sa  that  the  longer  that  radius,  the  more  delicate  is  the  spirit-leveL 
A  acaie  of  equal  parts  is  marked  on  or  attached  to  the  top  of  the 
tube,  to  measure  the  deviation  of  the  bubble;  and  the  value  of  those 
parts  in  seconds  can  be  found  by  trial 

Fig.  41  shows  a  form  of  spirit-level  introduced  by  Professor  Piazzi 
SmySi,  in  which  the  air-bubble  A  is  very  small  Another  and  a 
Lu]^  portion  of  air  is  contained  in  the 
upper  part  of  the  end  C  of  the  tube, 
viuch  is  separated  from  the  rest  by 
the  partition  D,  with  a  nozzle-shaped 
orifice  in  its  centre,  through  which  air 
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can  be  transferred  so  as  to  enlarge  or  diminish  the  bubble  at  will, 
by  a  mode  of  handling  described  in  the  Transaetions  of  the  Royal 
ScoUish  Society  of  Arts  for  18o6. 

The  Urm  sjpirU-leod  or  levd,  is  also  applied  to  a  levelling  ingtrvr 
mcfUf  of  which  the  spirit-level  proper  is  the  essential  part.  Various 
forms  of  level  are  used  for  engineer- 
ing purposes;  that  which  is  repre- 
seated  in  fig.  42  is  Mr.  Giavatt's, 
called  the  "  Dumpy  Level"  A  is 
the  spirit-level,  attached  by  screws 
at  a,  a  to  the  telescope  BC;  by 
means  of  those  screws  it  can  be 
adjusted,  in  order  to  place  a  tangent 
to  its  middle  point  parallel  to  tlie 
line  of  collimation  of  the  telescope. 
A  small  circle  near  the  object-end 
B  of  the  telescope,  indicates  a  small 
transverse  level,  used  to  show 
whether  the  horizontal  cross- wire 
is  truly  hoiizontal 

The  telescope  is  similar  to  that  of  a 
theodolite  (see  Article  34,  p.  53),  ex- 
cept that  the  diaphragm  at  the  common  focus  of  the  object-glass  and 
eye-piece  contains  one  honzontaland  two  parallel  vertical  cross-wires, 
as  shown  in  fig.  43.  B  is  the  object-end  of  the  telescope,  C 
the  eye-piece ;  b  the  milled  h«Mi  of  the  pinion  by  which 
tile  inner  tube  is  drawn  in  and  out;  c,  c  screws  for 
adjusting  the  diaphragm  so  as  to  bring  the  horizontal 
cross-wire  exactly  to  the  line  of  collimation  or  axis  of 
the  telescope.  D  D  is  an  oblong  plata  or  flat  bar  fixed 
on  the  top  of  the  vertical  axis  E;  to  this  plate  the  telescope  is 
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connected  by  adjusting  screws  at  d,  d,  by  means  of  which  the  line 
of  coUimation  is  pkced  perpendicular  to  the  vertical  axis.  The 
vertical  axis  is  hollow,  and  turns  upon  a  spindle  fixed  to  the  upper 
parallel  plate  F ;  that  spindle  is  continued  downwards  and  attached 
to  the  lower  parallel  plate  G  by  a  ball-andrsocket  joint,  ^^/ai-e 
three  of  the  four  plate-screws  by  which  the  vertical  axis  is  set  truly 
vertical.  The  lower  plate  G  is  screwed  on  the  staff-head  H,  which 
has  three  wooden  legs  like  those  of  a  theodolite. 

In  most  levels  a  compass  is  earned  on  the  top  of  the  plate  D  D, 
for  the  purpose  of  taking  the  magnetic  bearings  of  lines  of  trial 
sections. 

The  following  are  some  of  the  principal  variations  from  the  con- 
struction above  desciibed : — 

In  Troughton's  level,  the  brass  case  of  the  spirit-level  is  imbedded 
in  the  top  of  the  outer  telescope-tube,  and  has  no  adjusting  screws ; 
the  adjustment  of  the  spirit-level  to  parallelism  with  the  axis  of  the 
telescope  being  left  to  the  instrument  maker. 

In  the  Y-level,  the  telescope  is  carried  by  two  forked  supix)rts 
called  Y*s.  It  can  be  rotated  in  these  about  its  own  axis,  and  cau 
be  lifted  out  and  turned  end  for  end.  The  spirit-level  hangs  below 
the  telescope,  instead  of  being  supported  above  it.  One  of  the  Y'a  is 
supported  by  a  vertical  screw  with  a  milled  head,  by  means  of  which 
the  telescope  is  adjusted  so  as  to  be  at  right  angles  to  the  vertical 
axis,  and  which  answers  the  purpose  of  the  screws  at  d,  d,  in  the 
Dumpy  level. 

The  Y-level  is  more  easily  adjusted  than  the  others;  but  it  is 
also  considered  to  be  more  easily  deranged. 

Some  levels  are  })i*ovided  with  a  small  mirror,  which  being  placed 
in  a  sloping  position  above  the  spirit-level,  enables  the  obsen^ev  to 
see  the  reflected  image  of  the  bubble  at  the  same  time  that  he  looks 
through  the  telescope.  Reference  has  already  been  made  to  the 
contrivance  of  Professor  Piazzi  Smjrth,  by  which  an  image  of  a  small 
bubble  is  formed  at  the  cross-wires  when  the  line  of  collimation  is 
horizontaL  (Article  37,  p.  65 ;  see  also  a  paper  by  Mr.  Bow,  in  the 
Transactions  of  tfis  Royal  Scottish  Society  of  Arts  for  1858-9.) 

^9.  The  lierelliBg^siair  is  a  rectangular,  wooden  rod,  having  a  face 
about  two  inches  or  two  inches  and  a-half  broad,  on  which  is  painted 
in  a  bold  conspicuous  manner,  a  scale  of  feet,  divided  into  tenths 
and  hundredths,  commencing  at  the  lower  end  of  the  staff.  Its 
extreme  length  is  usually  from  fifteen  to  seventeen  feet,  and  it  is  made 
in  three  pieces,  which  in  some  staves  can  be  put  together  or  taken 
asunder,  according  as  a  greater  or  less  length  of  staff  is  required, 
and  in  others,  are  made  to  draw  out  like  telescope  tubes.  The 
staff,  when  in  use,  ia  held  exactly  vertical ;  for  which  purpose  it 
sometimes  has  a  plummet  enclosed  in  a  groove  at  one  side  of  it,  and 
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vifflUe  i)xm^  *  ^^  piece  of  gls^aa  ;  it  rests  on  its  lower  end, 
which  isiBMva\ii^^»»*>  **^^  ^^  «oft  ground  it  is  useful  to  have  u 
9m&n  metal  plaie  to  ^W»  oix  tike  g^round  below  the  Btatf,  and 
prevent  it  from  Mnten?- 

When  the  telescoye  oi  t\ie  level  is  <Iirected  towards  the  staff,  and 
the  line  of  coUimation  » truly  liorizontal,  the  number  of  feet  and 
decimals  of  a  f oot  at 'wYiVcli  tlie  liorizontal  cross- wire  crosses  the 
inverted  image  oi  t\ie  acaXe  on  tbe  face  of  the  staff  (subject  to  cor- 
rections to  be  afterwatda  explaineci),  shows  the  vertical  depth  of  the 
point  on  which  tbe  loweT  end  of  the  staff  stands  below  the  line  of 
GoUimation.  If  two  sncb  observations  are  made  with  the  staff  at 
different  points,  and  tihe  level  at  the  same  station,  the  difference 
between  the  two  readings  shows,  in.  feet  and  decimals  of  a  foot,  how 
much  the  point  at  wbicb  tbe  less  reading  is  taken  is  higher  than  the 
point  where  tbe  (frealer  reading  is  taken. 

In  an  old  form  of  levelling-staff,  now  seldom  used,  a  "  sliding- 
vane"  was  slid  up  and  down  by  the  staffman,  in  accordance  with 
signals  made  by  tbe  leveller,  until  its  centre  was  in  the  line  of 
collimation  prolonged;  the  stafi^an  then  read  the  height  of  the 
vane  above  ^e  ground.  The  making  tbe  divisions  on  the  staff  so 
distinct  that  the  leveller  can  read  them  himself  is  an  invention  of 
Mr.  Gravatt 

50,  The  A4jin«»cBi«  •f  <k«  l^erel  may  be  distinguished,  like 
those  of  the  theodolite,  into  temporan/  adjutiimenUj  which  have  to 
lie  made  anew  every  time  the  level  is  set  up,  and  permanent  adjust- 
menu,  which  seldom  become  deranged  in  a  well-made  level,  but 
still  ought  to  be  tested  on  each  day  that  the  instrument  is  used. 

L  The  Temporary  Adjustmknts  are  as  follows: — 

(1.)  To  make  the  foci  of  the  object-glass  and  eye-piece  coincide  tnth 
the  cross-wires, — The  same  as  in  the  theodolite  (see  p.  59). 

(2.)  To  place  the  vertical  axis  truly  vertical, — The  same  as  in  the 
theodolite  (see  p.  58).  In  order  to  avoid  straining  the  plate-screws, 
this  adjustment  ought  first  to  be  made  as  nearly  as  possible  by 
shifting  one  of  the  legs  of  the  stand,  and  then  corrected  by  the 
plate-screws. 

IL  The  PERMAinBNT  ADJXJfimiEirrs  are  as  follows : — 

(1.)  To  place  the  cross-wires  in  the  axis  ofUke  telescope-ivhe, — In  the 
Y-level,  the  same  as  in  the  Y-theodolite  (see  p.  60).  In  Troughton's 
level  this  adjustment  is  not  made,  except  indirectly,  as  will  be 
afterwards  explained. 

In  the  Dumpy  level,*  make  three  bench  marks,  by  driving 
stakes  or  otherwise,  in  one  straight  line,  at  equal  distances  of  four 
or  five  chains  apart ;  call  those  bench  marks  a,  b,  and  c.     Place  the 

•  This  Ib  an  Abatnet  of  Mr.  Gravatt*!  Diiectioos,  slightly  modified. 


84 


SNGINEERINO  OEODE8T. 


level  exactly  midway  between  a  and  b,  and  make  its  temix>rary 
adjustments :  read  a  levelling-staff  placed  on  each  of  those  bench 
marks;  call  the  readings  a  and  b;  assume  a  datum-level  at  any 
convenient  depth  A  below  a;  then,  because  the  level  is  midway 
between  the  staves,  the  errors  of  adjustment  affect  the  readings 
a  and  b  alike;  and  how  great  soever  these  errors  may  be^  the  correct 
elevation  of  b  above  the  datum  is 


B  =  A  +  a-6. 


.(1.) 


Next  place  the  level  exactly  midway  between  b  and  c,  and 
make  its  temporary  adjustments;  place  a  staff  on  each  of  those 
bench  marks  and  read  it;  call  the  readings  b'  and  c';  then,  as 
before,  the  correct  elevation  of  c  above  the  datum  is 


C  =  B  +  y  —  </  =  A  +  a  +  6'  —  6  —  c 


(2.) 


Now  place  the  level  at  the  shortest  distance  beyond  a  at  which 
it  is  practicable  to  read  tlie  staff,  make  the  temporary  adjustments, 
and  read  a  staff  on  each  of  the  three  bench  marks;  call  these 
readings  a",  6",  c",  and  compute  apparent  elevations  of  b  and  c 
above  the  datum,  as  follows : — 

K  =  A  +  a"  —  6";  C  =  A+  a"  —  c"; (3,) 

compute  the  errors  of  those  apparent  elevations,  if  any,  viz., 

B'  — B;C'  — C; 

and  if  the  cross-wires  are  in  the  axis  of  the  telescope,  we  shall 
find  the  latter  error  to  be  exactly  double  of  the  former;  that  is 


C  — C  =  2(B'  — B);. 


(4.) 


but  should  this  not  be  so,  the  screws  at  c,  c,  fig.  42,  are  to  be  used 
to  shift  the  diaphragm  until  it  is  so. 

The  following  table  shows  the  direction  in  which  the  cross- 
wires  require  to  be  shifted  for  different  relations  amongst  the 
errors; — 

C  —  C 
Direction  of       more  than        less  than 
errorC  — C.     2  (B' —  B)     2(B'— B) 


upward 
downward 


upward 

downward 

downward 

upward 

I  Direction  in  whicli 
>the  cross-wires  are 
J  to  be  moved. 
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[I)  To  maJbeti«\iTWJ  o/ f>|J*?«»*wi,  tMnd  the  spiril-levd  paraOd  to 
«a^^itk«r.-Int^ia-\e^c^»™J^^S  ^^e  Y>iil>l>le  to  the  middle  of  the 
jpiriUcvel  by  mema  oi  *^  y»^acrew»  ;  lift  the  telescope  out  of 
iiuTs,  aad  set  it  do^^^*^  >^«^  ends  reversed.  If  the  bubble 
remains  m  the  middle  ot  t\xe  spirit-level,  the  adjustment  is  correct; 
if  it  deviates,  correct  oue-baif  of  the  deviation  by  the  phite-screws, 
md  ahe  remainder  by  ^^  ad^uHting  screws  which  connect  the 
spirit-level  with  the  teieaoope. 

In  Troughton'R  level,  mksi  two  bench  marks  about  ten  chains 
apart;  set  up  the  level  exactly  mid^nray  between  them,  and  read 
staves  set  upon  them,  bo  as  to  find,  by  the  difference  of  those 
readings,  the  true  difference  of  level  of  the  bench  marks.  Now 
set  up  the  level  beyond  one  of  tlie  bench  marks  and  read  both 
staves;  if  the  difference  of  the  readings  deviates  from  the  true 
difference  of  level,  alter  the  position  of  the  diaphragm,  by  means 
of  its  adjusdng  screws,  until  the  readings  of  the  staves  give  the 
true  difference  of  level  The  cross- wires  are  thus  placed  in  a  line 
passing  tiirough  the  centre  of  the  object-glass  parallel  to  the  spirit- 
level;  and  the  maker  is  lulled  on  to  make  that  line  the  true  axis 
of  the  telescope.  The  same  adjustment  may  be  made  by  the  aid  of 
a  sheet  of  water  on  a  calm  day;  because  two  stakes  can  be  driven 
at  its  margin  so  that  their  heads,  being  flush  with  the  water,  shall 
be  exactly  at  the  same  level 

In  the  Dumpy  level,  having  ascertained  the  true  difference  of 
level  of  two  bench  marks,  as  already  described,  and  shifted  the  level 
to  a  position  beyond  one  of  them,  alter,  if  necessary,  the  inclination 
of  the  telescope  by  means  of  the  plale-icrews,  until  the  readings  of 
the  staves  give  the  true  difference  of  level,  and  bring  the  bubble 
to  the  middle  of  the  spirit-level  by  means  of  the  adjusting  screws 
which  coimect  the  spirit-level  with  the  telescope  (a,  a,  in  &f^.  42). 

(3.)  To  place  Hie  telescope  and  spirtt-levd  perpendicular  to  the 
wrUoal  axis  (or,  as  it  is  called,  to  make  the  instrument ''  traverse") 
place  the  telescope  over  a  pair  of  plate-screws,  and  by  turning 
them,  bring  the  bubble  to  the  centre  of  the  spirit-level;  reverse 
the  direction  of  the  telescope  exactly,  by  turning  it  through  180** 
about  the  vertical  axis;  if  the  bubble  is  still  in  the  middle  of  the 
spirit-level,  the  adjustment  is  correct:  if  not,  correct  half  the 
deviation  by  the  plate-screws,  and  the  other  half  by  means  of  the 
screws  which  connect  the  telescope  with  the  bar  on  the  top  of  the 
vertical  axis  (</,  d,  fig.  42). 

51.  The  Uae  •€  tiM  ]>T«l  in  finding  the  difference  of  elevation 
between  two  points  has  been  described  in  the  two  preceding 
articles. 

The  observations,  or  readings  of  the  staff,  taken  by  means  of  the 
level,  are  called  "«^to." 
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When  two  sights  only  are  taken  from  one  station,  one  with  the 
staff  upon  a  point  whose  level  has  been  ascertained,  and  the  other 
with  the  staff  npon  a  point  whose  level  is  to  be  ascertained,  the 
former  is  called  the  hcLck-siglUj  and  the  latter,  the  fore-sight. 

If  the  back-sight  is  the  greater,  the  ground  rises,  and  if  the 
fore-sight  is  the  greater,  it  falls,  from  the  former  point  to  the 
latter. 

When  the  levels  of  a  series  of  points  are  taken  with  the  level  at 
one  station,  in  order  to  make  a  continuous  section,  the  first  and  the 
last  observations  are  the  principal  back  and  fore- sights  respectively ; 
the  first  back-sight  being  taken  with  the  staff  on  a  bench  mark 
or  other  point,  whose  level  has  been  ascertained  by  means  of  a 
sight  from  a  former  station;  and  the  last  fore-sight  being  taken 
with  the  staff  upon  a  mark  which  is  to  bo  the  object  of  the  first 
back-sight  when  the  level  is  shifted  to  a  new  station.  Of  the 
intermediate  sights,  taken  with  the  staff  upon  places  where  the 
inclination  of  the  ground  changes,  on  roads,  at  the  bottoms  of 
streams,  <fea,  each  is  a  fore-sight  relatively  to  the  preceding  sight, 
and  a  back-sight  relatively  to  the  following  one. 

For  example,  in  fig.  44,  A  is  a  station  where  the  level  is  set  up, 
and  the  horizontal  line  5  A  c  is  the  line  of  aiglU,  or  straight  line 
in  prolongation  of  the  line  of  coUimation.  The  first  hack-sight  is 
taken  with  the  staff  on  B,  a  point  whose  height  above  the  datum- 
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suiface  has  been  ascertained  by  previous  observations;  and  it  gives, 
as  the  reading  on  the  staff,  B  b.  The  last  fore-sight  is  taken  with 
the  staff  on  C,  a  point  well  suited  as  a  position  for  the  staff  when 
the  first  hack-sight  with  the  level  at  the  next  station  D  is  taken. 
It  gives,  as  the  reading  of  the  staff,  C  c.  The  first  intermediate* 
sight,  at  the  point  marked  1,  is  a  fore-sight  relatively  to  that  at  B, 
and  a  back-sight  relatively  to  that  at  the  point  2,  and  so  on. 

The  first  back-sight  and  last  fore-sight  are  the  most  important  in 
point  of  accuracy ;  for  any  error  committed  in  them  is  carried  on 
through  the  whole  of  the  remainder  of  the  section ;  whereas  any 
error  committed  in  taking  an  intermediate  sight  affects  that  sight 
only. 

The  first  back-sight  and  last  fore-sight  taken  from  each  station 
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0Mbtto\)e«JtToVsi^^*  nearly  as  possible  at  equal  distances  from 
the  level  kot^fct^^^^^'™^^^*^  t,lie  effects  of  errors  of  adjustment. 
And  jQao  t\i^  ol  ^^  ciirvature  of  the  earth  and  of  refraction, 
which  mL\\)e  ex^^^^*^  ^  tl&e  next  article;  and  those  poinU 
Bhodd  he  ou  ^m  gcoxmd,  and,  if  possible,  so  placed  that  the  read- 
ings shall  not  excwd  ten  or  eleven  feet 

When  the  leveUex  tkmiks  it  desirable  to  carry  his  level  on  to  a 
new  station,  BuchaaB,  the  staffman  holds  his  staff  steadily  at  C, 
only  making  it  iace  about ;  tlie  leveller  advances  to  D,  sets  up  and 
adjusts  his  level,  takes  the  first  back-sight  C  c ,  and  proceeds  as 
before.  E  e  repteaents  the  position  of  the  staff  when  the  last  fore- 
sight is  taken  from  B ',  the  staflf  is  held  there  until  the  leveller  has 
moved  on  and  pknied  bis  level  at  a  third  station,  and  so  on. 
These  operations  can  be  performed  with  one  staff;  but  much  time 
is  saved  by  using  two,  carried  by  two  staff-holders. 

WhUe  the  levek  are  thus  being  taken,  two  chainmen  measure 
the  line  of  section  with  the  chain,  in  the  manner  described  in 
Article  22,  pp.  19,  20;  except  that  instead  of  always  chaining  in 
straight  lines,  they  follow  the  line  of  section  as  set  out  The 
leveller  notes  the  distances  of  all  the  points  at  which  the  staff  is 
set  up,  as  well  as  those  where  boundaries  are  crossed,  whether 
leveb  are  taken  there  or  not :  in  this  he  may  get  useful  help  from 
the  staff-holders. 

In  crossing  a  stream  or  a  sheet  of  water,  the  leveller,  besides 
taking  enough  of  levels  to  give  a  section  of  its  banks  and  bed, 
should  take  the  existing  level  of  the  surface  of  the  water,  and  alno 
the  highest  and  lowest  levels  of  the  water,  so  far  as  he  can 
ascertain  them.     Levels  of  the  bottom  may  be  taken  by  sounding. 

When  a  sight  is  to  be  taken  to  determine  the  level  of  a  point 
which  is  below  the  line  of  oollimation  by  more  than  the  entire 
length  of  the  staff,  the  staff  may  be  raised  up  vertically  until  the 
leveller  can  read  some  division  near  its  upper  end,  and  the  height 
of  the  lower  end  of  the  staff  above  the  ground  may,  at  the  same 
time,  be  measured  with  a  tape-line  or  with  another  staff,  and  adde<i 
to  the  height  read  This,  however,  should  only  be  practised  at 
intermediate  sights. 

On  the  subject  of  CheckiBg  i«T«la,  see  Article  16,  page  15.  In 
good  ordinary  levelling  the  discrepancy  between  two  ^ts  of  level 8 
over  the  same  section  may  be  about  a  foot  in  forty  miles  of  distance. 

52.  Cotrvmetimnn  f«r  Corraliire  nmd  B«fnicU«a. — Inasmuch  as  a 
truly  horizontal  surface  is  not  plane,  but 
spheroidal  (Article  3,  p.  2),  the  line  of 
a«yht  of  the  level,  when  truly  adjusted, 
does  not  exactly  coincide  with  such  a 
Bur^ce,  but  is  a  tangent  to  it      The  Fig.  45. 
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height  read  upon  a  leveUing-staff,  therefore,  is  alwajs  greater  than 
it  would  be  if  a  horizontal  surface  were  plane ;  and  the  quantity  to 
be  deducted  from  the  height  on  the  staff  of  the  ]x>int  which 
is  in  the  prolongation  of  the  line  of  coUimation,  in  order  to  reduce 
it  to  the  height  which  would  have  been  read  had  a  horizontal 
surface  been  plane,  is  called  the  correction  for  curvcUure, 

On  the  other  hand,  the  line  of  sight,  being  the  line  along  which 
light  proceeds  from  the  object  looked  at  to  the  telescope,  is  not 
}3erfectly  straight,  being  made  slightly  concave  downwards  by  the 
refracting  action  of  the  air.  Hence  the  point  seen  on  the  staff 
apparently  in  the  line  of  collimation  produced,  is  not  exactly  in 
that  line,  but  is  below  it  by  an  amount  called  the  error  from 
refraction,  and  thus  the  error  arising  from  curvature  is  partly 
neutralized ;  and  the  correction  to  be  subtracted  for  curvature  and 
refraction  usually  is  somewhat  less  than  the  correction  for  curvature 
alona 

In  fig.  45,  A  represents  the  level;  B,  a  point  on  the  ground^ 
B  C  E  D^  the  staff  standing  on  it;  A  0,  a  level  surface  touching  the 
line  of  collimation,  with  the  curvature  very  much  exaggerated; 
AD,  a  straight  line  in  prolongation  of  the  line  of  collimation; 
E  A,  the  real  line  of  sight,  a  curved  line  in  which  light  proceeds, 
owing  to  atmospheric  refraction.  Then  the  correction  for  curva- 
ture is  -  C  D ;  the  correction  for  refraction  +  D  E;  and  the  joint* 
correction, 

-EC=-OD  +  DE, (1.) 

The  correction  for  curvature  is  a  third  proportional  to  the  earth^s 
diameter  and  the  distance  between  the  level  and  the  staff — that  is 
to  say,  its  value  in  feet  is 

4T  778  (1)0  "^  3  (*^^^**"^®  ^^  statute  miles)^ (2.) 

The  error  produced  by  refraction  varies  very  much  with  the 
state  of  the  atmosphere,  having  been  found  to  range  from  one-half  to 
one-tenth  of  the  correction  for  curvature,  and  in  some  cases  to  vary 
even  more.  Its  value  cannot  be  expressed  with  certainty  by  any 
known  formula ;  but  when  it  becomes  necessary  to  allow  for  it,  it 
may  be  assumed  to  be  on  an  average  about  one-sixth  of  the  correc- 
tion of  a  curvature ;  so  that  the^'oiw^  correction  for  curvature  and  re- 
jraction,  to  be  subtracted  from  the  reading  of  the  staff,  is  on  an 
average, 

5     (distance  in  feet)^     .  ^^  , ,.  .     ^    .      ...        .,    vo    /« x   . 
'fi  ^  — 41  "IH  000  (distance  m  statute  miles)*...  (3.) 

The  errors  produced  by  curvature  and  refraction  are  neutralized 
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when  back  and  fore-siglits  are  taken  to  staves  at  equal  or  near!  j 
eqoal  distance  from  the  level.  At  distances  not  exceeding  ten 
chains,  thej  are  so  small  tliat  they  may  be  neglected. 

The  nncertainty  of  the  correction  for  refraction  makes  it  advis- 
able to  avoid,  in  exact  levelling,  aU  sights  at  distances  exceeding 
about  a  quarter  of  a  mile. 

53.  The  Eierd  FicM  e»«k  is  kept  in  various  forms,  according  to 
the  practice  of  different  engineers.  In  one  of  the  most  usual  and 
convenient,  each  page  is  divided  into  seven  columns,  headed  as 
follows : — 

p.        Back-     Foi^e-     t,  n      Reduced     y^*  x  Description  of 

^"^     right     right     ^"^       Level       ^"*"'«^-         Object 

The  first  entiy  made  is  in  the  column  of  reduced  levels,  being  the 
elevation,  in  feet  and  decimals,  of  the  bench  mark  on  which  the 
fiist  back-sight  is  taken  above  a  datum  horizontal  surface;  and 
opposite  this,  in  the  column  of  description  of  objects,  is  the  desig- 
nation of  that  bench  mark.  In  the  second  and  all  the  following 
lines  the  only  entries  usually  made  in  the  field  are  the  back-sights 
and  fore-sights,  the  distances,  and  the  description  of  objects;  so 
that,  banning  at  the  right  side  of  the  page,  we  have  in  each  line 
the  description  of  a  point  or  object  (if  any  description  is  necessary), 
its  distance  from  the  commencement  of  the  line  of  section,  the  fore- 
sight read  upon  the  staff  when  held  at  that  point,  and  the  back- 
sight read  upon  the  staff  when  held  at  the  point  immediately 
preceding.  On  each  occasion  when  an  intermediate  sight  is  taken 
without  shifting  the  level,  it  will  be  entered  as  a  fore-sight^ opposite 
the  point  to  which  it  is  taken,  and  also  as  a  back-sight  in  the  fol- 
lowing line.  In  redticing  the  levels,  which  ought  to  be  done  each 
evening  for  the  levels  taken  during  the  day,  the  fiist  process  is  to 
take  the  difference  between  the  back-sight  and  fore-sight  in  each  line, 

and  enter  it  as  a  |  ^|  according  as  the  |  f^."^^^^^*}  is  the 

greater.  The  reduced  levels  are  then  computed  in  succession  from 
the  level  of  the  first  bench  mark  by  the  successive  addition  of  the 
riaes  and  subtraction  of  the  falls. 

The  calculations  in  each  page  are  checked  by  adding  up  the  first 
four  columns ;  when  the  difference  between  the  total  rise  and  total 
fall  ought  to  be  equal  to  the  difference  between  the  sum  of  the 
hack-sights  and  the  sum  of  the  fore-sights,  and  also  to  the  difference 
between  the  first  and  last  reduced  levels  in  the  page,  the  first 
reduced  level  in  the  first  page  being  that  of  the  first  bench  mark ; 
and  the  last  reduced  level  in  each  page  being  also  entered  as  the 
fi»t  in  the  following  page. 

It  is  sometimes  useful  to  enter  in  the  column  of  descriptions  the 
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magnetic  bearings  of  the  lines  levelled,  and  to  illastrate  it  occsi- 
sionally  by  sketch  sections  of  the  more  intricate  parts  of  the  ground. 
It  is  often  necessary  to  reduce  the  levels  in  the  field,  especially 
in  taking  trial  levels.  In  such  cases  the  calculations  should  be 
carefully  checked  afterwards. 

54.  pIoiUbs  a  Section  is  commenced  by  drawing  with  a  very 
accurate  straight-edge  a  straight  *^(lcUu?n-line"  to  represent  the 
datum  horizontal  surface  from  which  heights  are  reckoned,  an<l 
marking  on  that  datum-line  a  scale  of  distances.  The  vertical 
scale  should  be  drawn  on  tlie  paper  at  rigJU  anglett  to  tlie  datum-line^ 
in  order  that  it  may  be  parallel  to  the  lines  representing  heights, 
and  expand  and  contract  along  with  them.  This  is  of  great  im- 
portance in  engraved  and  lithographed  sections,  in  which  the  paper 
often  expands  or  contracts  differently  in  different  directions.  The 
plotting  of  the  distances  and  heights  entered  in  the  field-book  is 
]:)erformed  like  that  of  the  distances  and  offsets  in  a  chained  survey. 
(Article  31,  p.  32.)     As  to  scales,  see  p.  7. 

Explanations  are  usually  written  above  the  objects  to  which 
they  relate,  such  as  roads,  railways,  canals,  rivers,  &c. 

The  nature  of  the  principal  information  which  is  require<l  in 
writing  on  sections  for  engineering  purposes  has  been  stated  in 
Ai-ticle  14,  pp.  14,  15. 

55.  i^ereiiing  hj  ihe  Theodoiito  may  bc  performed  in  tliree 
different  ways. 

I,  By  placing  tlie  line  of  collimation  IiorizontaJ,  and  using  the 
Hieodolite  like  a  level. — This  may  be  done  when  a  pi-oper  levelling 
instrument  is  not  at  hand. 

II.  By  setting  iJie  Ihie  of  collimation  ai  a  knoifyn  angle  of  in- 
clination, and  taking  sigJUs  in  other  respects  as  if  udtfi  a  leod. — 
This  process  may  save  time  in  taking  the  levels  of  steeply  sloping 

ground.  In  fig.  46,  A  represents 
the  theodolite,  6  A  c  the  sloping 
line  of  sight,  B  6,  C  c,  and  the 
other  vertical  lines,  heights  read 
off  on  the  staff.  The  most  con- 
venient way  to  reduce  levels  taken 
by  this  method  is  first  to  reduce 
g  them  as  if  the  line  of  sight  were 

'^'     '  horizontal,  and  then,  according  as 

its  inclination  is  upward  or  downward,  add  to  or  subti'act  from  each 
reduced  height  a  correction  for  declivity,  found  by  multiplying  the 
distance  of  the  point  from  the  comnieucement  of  the  sloping  line 
of  sight  by  the  sine  of  the  angle  of  inclination,  if  distances  have 
been  measured  on  the  slope,  or  by  its  tangent,  if  they  have  been 
reduced  to  horizontal  distiinces.     (Article  23,  p.  20). 


''T^llllil^^^  ^^oi^^T«^*ti!^^  tbeodolite, 

f^^WLwtSeUng^^^of  it«  altitvide  o^"l  ^  of  oLst^rva- 

tion  multiplied  toy  t»i®^'»  **-^ifAe  or  clt.-i»i7esaion,  as  the 

tainedarc;aB  it  «  ca\\^'  ^f  ^^^^^  ecjn-oetion  i«  to  be  added  to 
altitudes  and  EuUracted  ^^^  depy^.s^^iona.  (Ah  to  th<.  compntatioii 
0fthatMigK8eeAitic\eS^,Divi8iou  v.,  pp.   -^g,  47.) 

The  correction  ioTi-efiactionw  very  varia.V>le,  as  ban  boen  already 
explained.  On  an  aveTftge,it  may  bo  approxiuxat*?d  to  by  dimin- 
ishing the  correction  for  curvature  by  one-»ixtli. 

The  effects  of  cnrvatnre  and  refraction  may  \>o  nearly  neutralizwl 
by  taking  reciprocal  aiiglea,  as  tiiey  are  called  ;  that  i»  to  siiv,  if  A 
and  B  be  two  stations, B  being  tlie  b\gber ;  titlte  the  altitude  of  IJ 
as  seen  from  A,  and  the  depreasion  ot*  A  a»  seen  fr*>m  B;  half  the  * 
difference  of  those  angles  will  \)e  the  combmod  c  >rrectic>n ;  and  the 
tangent  of  hdf  thxk  «um,  being  multiplied  l>y  the  distance,  will 
give  the  difference  of  level  nearly.  Tbe  reciprocal  angles  should  bt? 
taken  as  nearly  as  possible  at  the  same  instant,  lest  the  refracting 
power  of  the  air  should  change  iu  the  interval. 

Levelling  by  angles  is  not  to  be  nAied  u|>on  for  engineenn^^ 
porpoaes,  except  occasionally  in  taking  flying  levela  ^ 

The  altitude  of  an  object  on  land  is  taken  with  the  sextant  by 
observing  the  ^^  double  altitude" — tbat  id,  the  angle  between  the 
object  and  its  image  as  reflected  in  a  trough  of  mercury,  called  an 
^^artifieial  horizon,'' — and  taking  one-half  of  that  double  altitude. 

56.  I^erelllBC  by  the  Plane-Tabto  is  performed  by  adjusting  the 
table  with  particular  care  to  a  horizontal  position,  measuring  the 
tangent  of  the  altitude  or  depH^sion,  and  multiplying  it  by  the 
distanca      To  enable  such  tangents   to   be 

measured,    the    index     is    constructed    as 
follows: — In  tig.  47,  E  F  is  the  flat  bar  of 
the  index,   F  6  its   forward  and   E  a  its 
backward  sight     Near  the  bottom   of  the 
backward     sight    is     a    sight-hole    A    for 
observing  altitudes;  near  the   top,  a  sight- 
hole  a  for  observing  depressions.     A  scale  of  equal  parts  is  marked 
on  the  forward  s^ht,  and  numbered  upwards  from  B  opposite  A, 
and  downwards  irom  b  opposite  a.     A  slider  D  is  slid  up  or  down 
till  a  cross-wire  contained  in  it  appears  in  a  line  with  the  object, 
and  the  tangent  is  read  by  an  index  and  veniier. 
This  process  also  is  only  suited  for  flying  levela 

57.  levelling  hf  the  Barometer  nmd  Thwmmmetmr  may  occasion- 
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ally  be  used  for  engineering  porposes  to  take  flying  levela  in 
exploring  the  country.  The  following  formula  is  sufficiently 
correct  for  that  object : — 

Let  the  quantities  observed  be  denoted  as  follows : — 


Height  of  the  mercurial  column  in  the  baro- 
meter,   

Temperature  of  the  mercury  in  degrees  of 
Fahrenheit,  as  shown  by  the  "  attached  " 
thermometer, 

Temperature  of  tlie  air  in  degrees  of 
Fahrenheit,  as  shown  by  the  ''detached " 
thermometer, 

Then  the  height  of  the  higher  station  above  the  lower,  in  feet 
=  G0360  jlog  H  —  log  A  —  •  000044  (T  —  <)l  .] 


At  the  lower 
itation. 

Atthebigber 
eution. 

H 

h 

T 

t 

T 

f 
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For  rapid  calculation,  the  following,  though  less  exact,  is 
convenient : — 

Height  in  feet  ==  60000  (log  H  —  log  h).  (l  +  '^'T  J  nearly.  (2.) 

In  the  absence  of  logarithms,  the  following  formula  may  be  used 
for  heights  not  exceeding  about  3,000  feet.  Correct  the  barometric 
reading  at  the  higher  station  as  follows : — 

Height  in  feet  =  52428  g=^'. (l  +  ?'-+^^^:l5^) nearly.  (3.) 

The  preceding  formulae  are  applicable  to  the  mercurial  barometer. 
They  are  also  applicable  to  the  **  Aneroid"  barometer,  with  the 
exception  of  the  connection  depending  on  the  temperature  by  the 
attached  thermometer.  The  aneroid  barometer,  if  very  skilfully 
constinicted,  may  be  made  to  require- no  appreciable  correction  for 
the  effect  of  its  own  temperature  on  its  indications.  Should  it 
need  such  correction,  the  amount  can  only  be  determined  by  an 
experimental  comparison  between  the  individual  aneroid  barometer 
and  a  mercurial  barometer. 
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Another  method  of  taking  Aymg  lev^els,  depending,  like  the 
barometric  metbod,upoii  the  pressure  of  Uie  air,  is  that  of  determin- 
ing the  boiling-point  of  pore  irater  by  a  very  sensitive  thermometer — 
a  method  invented  by  Dt.  WoUaston,  and  improved  W  Principal 
Forbea  (See  Tramouiwns  of  the  Roytxl  Sifciety  of  Ediwwrgh^  vola 
zv.  and  xxL) 

That  boilbig-point  Ms  very  nearly  at  the  rate  of  cfM  degree  of 
FaftrenheUfor  every  543 /eet  ofaeeeni;  and  still  more  nearly  accord- 
ing to  the  following  formula: — 

;8  in  feet  =  517  (212»  —  T)  +  (212-  —  Tf; (4.) 

Tbeing  the  boiling-point  onFalirenbeit's  Bcale,and«the  height  of  the 
station  where  the  experiment  is  made  above  a  station  where  the 
boiling-point  is  212°.  To  compare  the  levels  of  two  stations,  the 
boiling-point  of  pure  water  is  to  be  observed  at  each,  and  the 
quantity  2  is  to  be  calculated  by  formula  4  for  each  of  the  boiling- 
points;  when  the  difference  between  those  quantities  z  will  be  the 
approximate  height  of  the  station  where  the  boiling-point  is  lowest 
above  the  other  station. 

58.  l»t<Mchri  Iicvcto— VcMwc*  •€  thm  iSmmmtrr^ — ^The  use  to  the 
engineer  cf  ''  Flying  Levels,"  or  observations  of  the  heights  of 
detached  points,  has  already  been  mentioned  in  Article  10,  p.  9. 
Snch  heights  cannot  be  easily  shown  by  means  of  vertical  sections ; 
and  the  most  convenient  method  of  recording  them  is  to  write 
them  on  a  plan  of  the  country. 

Detached  levels  may  be  taken  for  the  purpose  of  determining  the 
elevations  of  important  points  on  existing  works,  such  as  bridges, 
roads,  railways,  canals,  dbc.,  or  of  objects  suitable  for  bench  marks; 
or  they  may  be  taken  in  order  to  give  the  engineer  a  general 
knowledge  of  the  form  of  the  surface  of  the  country.  In  the 
present  Article  it  will  be  shown  what  positions  are  the  best 
suited  for  detached  levels  taken  with  the  last-mentioned  purpose. 

On  the  surface  of  the  earth,  and,  indeed,  on  any  irregularly 
enrved  surfiice,  two  classes  of  lines  may  be  distinguished,  whose 
positions  and  iigures  are  of  primary  importance  in  determining  the 
shape  of  that  surface — RnxiE-LiHES  and  Valley-Lines. 

L  A  BMse-Uae  is  distinguished  by  the  property,  that  along  the 
whole  of  its  course  it  is  higher  than  the  ground  immediately 
adjacent  to  it  on  each  side; — in  other  words,  the  ground  slopes 
downwards  from  it  at  both  sides.  The  rain-water  which  &lls  on 
the  ground  consequently  runs  away  from  both  sides  of  a  ridge- 
line;  and  hence  it  is  aliao  called  a  '*  Water-shed  Like."  Ridge- 
lines  are  also  sometimes  called  '*  the  features  of  the  country.'*  The 
earth's  surface  is  traversed  by  a  number  of  main  ridge- lines,  which 
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are  the  central  lines  of  the  great  mountain-chains;  from  these 
there  diverge  branch  ridge-lines,  and  from  these  secondary  branch 
ridge-lines,  and  so  on ;  until  in  most  cases  the  final  ridge-lines  end 
at  promontories,  where  they  sink  down  into  the  plains  or  the 
valleys.  A  ridge-line  may  return  into  itself,  so  as  to  contain 
within  it  an  enclosed  hollow  or  basin;  but  this  is  of  comparatively 
rare  occurrence. 

A  ridge-line  is  seldom  either  straight  or  level  throughout  any 
considerable  part  of  its  length,  being  almost  always  more  or  less 
wavy  or  serrated  both  vertically  and  horizontally. 

The  highest  points  of  ridge-lines  form  the  summits  of  the  hills. 
The  summit  of  a  conical  or  rounded  hill  may  in  some  cases  be  an 
isolated  point,  not  traversed  by  a  ridge-line;  but  the  summit  of  a 
hill  is  in  general  traversed  by  at  least  one  ridge-line,  and  is  veiy 
often  a  point  of  divergence  of  several  ridge-lines.  A  summit  may 
sometimes  be  a  flat  expanse  called  a  "  table-land,"  with  ridge-lines 
diverging  fix)m  its  edges. 

II.  A  Talier-iiine  is  distinguished  by  the  property,  that  along 
the  whole  of  its  course  it  is  lower  than  the  ground  immediately 
adjacent  to  it  on  each  side; — in  other  words,  the  ground  slopes 
upwards  from  it  at  both  sides.  The  water  on  the  surface  of  the 
ground  consequently  runs  towards  a  valley-line  from  both 
sides,  and  except  in  certain  cases,  runs  along  the  valley-line  in  a 
stream;  whence  valley-lines  may  be  called  "Water-Course  Lines." 
The  exceptions  are,  when  the  valley-line  is  in  an  enclased  basin, 
so  that  a  lake  is  formed ;  and  when  the  sui*face  water  disappears  by 
evaporation  or  absoi'ption.  Between  each  adjacent  pair  of  final 
ridge-lines  there  is  a  valley-line;  these  valley-lines  converge  and 
unite  into  greater  valley-lines,  and  so  on  until  the  final  valley- 
lines  end  in  the  sea,  or  at  the  bottom  of  some  enclosed  basin,  or 
at  the  edge  of  a  plain.  A  valley-line,  like  a  ridge-line,  is  seldom 
either  straight  or  level  throughout  any  considerable  part  of  its 
length. 

The  end  of  a  ridge-line  lies  in  general  either  in  a  plain,  or  between 
two  converging  valley-lines,  or  in  the  bend  of  a  valley-line.  The 
commencement  of  a  valley-line  lies  in  general  between  two  diverg- 
ing ridge-lines,  or  in  the  bend  of  a  ridge-line,  or  at  a  "  Pass." 

A  Pa«»  is  a  place  on  a  ridge-line  lower  than  any  neighbouring 
point  on  the  same  ridge-line,  and  might  be  described  as  a  point 
where  a  ridge-line  and  a  valley-line  cross  each  other  at  right  angles ; 
but  it  is  more  in  accordance  with  the  ordinary  use  of  the  word 
"  valley"  to  describe  the  line  of  lowest  elevation  at  a  pass,  which 
crosses  the  ridge-line  at  right  angles,  as  consisting  of  two  valley-lines 
which  run  downwards  from  the  jjass  in  opposite  directions. 

From  these  descriptions  of  ridge-lines  and  valley-lines^  and  of 


t       »   .x.e'i^'^^^  tlaexn,    it    ia    obvious  that  the  nlaoM 

msumm\*«^^»^^*'     ^  PeaJts,  tia.\>le-land«,  or  highest  poinU 

"'^iftti.WteiW^t'^ipnB  of  ridge-lineschanga 
■Hie  poittta  feom  ^^^'^'^  ^g^lmes  di  v  erge. 
The  pusses  otVo^ea^V*"^^  *»^  ridge-lines  and  highest  points  of 

The  point*  w^ete  W  mcViuationa  of  valley-Jines  change. 
The  points  ^^w  converging  valley -liues  meet 
Of  aU  thoee  placea,  those  Nvhicli  are   of  most  importance  in  the 
enoineenng  of  lines  oi  commnnication  are  the  passes;  because  they 
are  in  general  the  points  at  ^hich  ridges  are  to  be  crossed. 

To  the  levels  of  the  pkcea  already  enumerated  may  be  added, 
those  of  the  surfaces  of  seas,  lakes,  rivers,  and  other  bodies  of  water, 
iu  their  various  conditions. 

The  valley-lines  of  a  district  are  usually  marked  with  sufficient 
distinctness  on  a  plan  by  the  water-courses.  The  position  of  the 
ridge-lines  is  in  general  indicated  by  shading  the  slopes  which  fall 
iiom  them  iu  each  direction,  the  best  system  of  shading  being  that 
acoording  to  which  the  depth  of  the  shadow  varies  with  the  steep- 
n^8  of  the  slope,  being  made  as  nearly  as  possible  proportional  to 
the  tangent  of  the  angle  of  declivity.  The  bottoms  of  valleys  are,  in 
addition,  very  slightly  shaded,  in  order  to  distinguish  them  from 
the  tops  of  hills.  r       ,.,.  , 

59.  c^mfut^im^  are  used  as  means  ot  enabling  a  plan  to  give 
mare' complete  information  as  to  the  figure  of  the  surface  of  the 
ffound  than  is  possible  by  means  of  levels  written  in  figures  alona 

A  contour-line  on  a  plan  represents  a  contour-line  on  the  earth's 
sarfBce^  which  is  a  lliie  traversing  all  the  points  on  the  ground  that 
are  at  a  given  constant  height  above  the  datum-level.  A  contour- 
line  on  the  ground  may  he  otherwise  described  as  a  horizontal 
section  of  the  earth's  surface,  or  the  Une  where  the  earth's  surface 
-  ^^^  |,y  a  given  horizontal  surface,  or  the  outline  of  an  imaginary 
/heet  of  water,  covering  the  ground  up  to  a  certain  given  eleva- 

All   contour-lines  cross  the  lines  of  steepest  declivity  on  the 

rfkce  of  the  ground  at  right  angles;  they  also  cross  at  right 

*iU^  all  ridge-lines  and  valley-lines  at  which  the  surface  of  the 

^'^    J  |g  sensibly  curved,  and  does  not  form  an  absolutely  sharp 

"  Th    verticad  distance  between  successive  contour-lines  on  a  plan 
1        da  on  the  scale  of  the  plan,  the  figure  of  the  ground,  and  the 
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puq)08e  for  which  the  plan  is  intended;  being  greater  in  plans  on  a 
smfldl  scale  than  in  those  on  a  large  scale ;  greater  where  the  slopes 
are  steep  and  the  hills  high  than  where  the  slopes  are  gentle  and 
the  hills  low;  and  greater  or  less,  also,  according  to  the  precision 
with  which  levels  have  been  taken  for  finding  the  position  of  the 
contour-lines,  and  the  use  that  is  to  be  made  of  them  in  designing 
works.  For  example,  in  the  Ordnance  Maps  of  Britain,  on  the 
scale  of  six  inches  to  a  mile,  contour-lines  are  drawn  at  each  twenty- 
five  feet  of  height,  and  certain  of  these,  called  " principal  contom- 
lines,"  are  determined  with  greater  precision  than  the  others ;  and 
those  principal  contour-lines  are  at  every  fifty  feet  of  elevation  in 
the  flatter  parts  of  the  country,  and  at  every  hundred  feet  in  the 
more  hilly  parts.  The  closest  contouivlines  are  those  which  have 
been  laid  down  in  some  plans  of  town  districts  for  purposes  of 
drainage  and  other  improvements :  these  occur  at  vertical  intervals 
of  from  eight  feet  to  two  feet. 

Difierent  methods  of  determining  the  positions  of  contour-lines 
may  be  followed  according  to  the  degree  of  precision  required.  To 
lay  down  principal  contour-lines,  a  series  of  bench  marks  should  be 
made  at  such  points  in  ridge  and  valley-lines  as  have  been  already 
specified  in  the  preceding  Article;  the  positions  of  those  bench 
marks  should  be  ascertained  in  the  course  of  the  survey,  and  laid 
down  on  the  plan,  and  their  elevations  found  by  levelling.  Then 
by  levelling  from  those  bench  marks,  points  are  to  be  marked  by 
pegs,  or  otherwise,  on  the  ridge  and  valley-lines,  and  at  as  many 
intermediate  places  as  may  appear  necessary,  at  certain  definite 
elevations  above  the  datum-level,  such  as  50  feet,  100  feet,  150  feet, 
and  so  on.  The  positions  of  the  points  so  marked  being  surveyed 
with  the  chain  and  plotted,  give  a  series  of  points  in  the  contour- 
lines  ;  and  the  course  of  those  lines  between  the  points  so  found  by 
surveying  is  to  be  sketched  upon  a  tracing  of  the  plan  taken  to  the 
ground  for  the  purpose.  Bench  marks,  whose-  levels  ought  to  be 
checked,  should  be  made  at  the  places  where  principal  contour-lines 
cross  important  ridge-lines  and  valley-lines. 

Intermediate  contour-lines  can  be  interpolated  between  the 
principal  contour-lines  by  sketching  on  the  ground,  aided  by  the 
known  levels  of  the  points  where  the  rates  of  inclination  of  the 
ridge  and  valley-lines  vary. 

The  horizontal  distance  between  two  adjoining  contour-lines 
being  inversely  as  the  tangent  of  the  angle  of  inclination  of  the 
ground,  is  also  inversely  as  the  depth  of  shadow  to  be  used  to 
express  the  steepness  of  the  slope.  "Hill-sketching,"  as  it  is  called, 
consists  in  shading  the  slopes  of  hills  upon  the  ground  according  to 
this  principle,  with  the  pencil,  by  drawing  horizontal  lines  parallel 
to  the  contour-lines^  and  with  a  degree  of  closeness  proportional  to 
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tbt  d  ^  «Hv\o^'^^^*  "tkhenoaelveR.     Those  pencil  hatchingB  are 
in  fiid  mtem«daB.^  ooi^toux-liiieB  sketched  by  hand* 

In  enmved  ^itf^  '^^  RhauiiTig  o(f  hilLs  is  effected  by  means  of 
hatetedlmaafcT^^  angles  to  tbe  oontour-lines,  and  following, 
tbewfoie,  the  ^^eaoi  steepest  declivity. 

In  order  l^t  an  eng^eer  m&y  know  how  fisir  he  can  depend  upon 
thecontoTnAiiie&oaa  plan  as  a  means  of  enabling  him  to  select 
Ijie  best  line  for  &  imposed  iPFork,  it  is  necessary  that  he  should 
know  by  wbai  me^od,  and  -with  what  degree  of  precision,  their 
portions  have  been  determined,  and  that  he  should  see  upon  the 
plan  tibe  podti(ms  and  written  levels  of  the  bench  marks  and  other 
detailed  points  wfaicb  bave  been  used  during  that  process. 

60.  €mm  OiJiitiiM  may  cross  the  centre  line,  or  line  of  the  lon- 
^dinal  section,  oC  a  pTopoaed  work  either  at  right  angles  or 
obliquely. 

The  term  is  applied  to  longitudinal  sections  of  existing  lines  of 
communication  which  the  proposed  work  has  to  cross.  Such  sections 
have  already  been  referred  to  in  Article  7,  p.  6,  and  Article  8,  p.  7. 

Cross  sections  to  assist  the  engineer  in  choosing  tbe  beet  line 
(lefored  to  in  Article  11,  Division  V.,  p.  10)  should  in  general  run 
aloDg  the  ridge-lines  and  valley-liaes  wluch  are  to  be  crossed  by  the 
proposed  work.  They  should  also  be  made  where  the  ground  has 
a  steep  alope  in  a  direction  transverse  or  oblique  to  that  of  the 
centre  line  of  the  proposed  work. 

Cross  sections  to  accompany  the  working  section,  for  the  purpose 
of  enabling  quantities  of  excavation  or  other  work  to  be  measured 
and  calculated  exactly  (referred  to  in  Article  11,  Division  XIY., 

'  *  In  tbe  late  Ur.  Butter  WiUianu's  Practical  G^odety,  p.  190,  he  describes  in 
tlie  fcXkmiog  tenne  m  approziiDate  method  of  dnwing  oontonr-linee  by  the  aid  of 
peodl  hiO-ehadipgB:— 

"  HorizooUl  GODtoiirB  can  be  traced  bj  the  ^e  with  considermbte  aocnracy,  especially 
when  the  sarreyor  is  assiBted  by  the  altitudes  obtained  in  the  trigonometiioid  opera- 
tboiaerring  for  the  ooostraction  of  the  outline  map.  The  process  .  .  .  which  I  now 
]ffoceed  to  describe,  is  rapid  in  execution,  and  tolerably  correct  for  a  small  scale  (saj 
oat  hich  or  two  indies  to  a  mile),  where  experience  has  tramed  the  eye  to  accuracy. 
It  is  well  adapted  Ibr  reconnoissances  of  a  country,  and  is  much  used  by  military 
eiig;ineei&  The  dvil  engineer  would,  however,  frequently  find  the  same  advantage 
m  umg  it  in  his  prelimhiaiy  nsminations  of  countries  for  the  purpose  of  selecting 
gaml  Unes  of  ooramnnication. 

''In  the  field,  when  the  eye  is  alone  depended  upon,  the  horizontal  lines  are  traced 
in  pendl,  by  cloee  paralki  hatchings;  and  when  the  whole  drawing  is  finished,  the 
mrmal  eontours  are  traced  at  the  rsquired  vertical  distances  apart,  by  following  the 
general  diiection  of  the  pendl  lines,  and  checking  their  truth  by  means  of  the  trigono- 
metrical elevations  or  other  hdghts  marked  on  the  map.  The  contours,  when  a 
oompJete  dieuit  is  made,  must  return  to  the  point  of  departure ;  and  if  it  were  attempted 
by  the  ey«  alone  to  trace  normal  contours  which  are  iaolated  from  each  other,  no 
dcgneof  previona  experience  would  sniBoe  for  the  attainment  of  the  dject 

H 
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p.  11),  are  in  general  at  right  angles  to  the  line  of  the  longitudinal 
section. 

61.  The  Water-Kievwi  is  an  instrument  used  instead  of  the  spirit- 
level  where  long  range  and  great  accuracy  are  unnecessary.  It  con- 
sists of  an  inverted  siphon  tube,  fixed  on  the  top  of  a  stand,  and 
nearly  filled  with  water,  which  may  be  slightly  tinged  to  make  it 
the  more  easily  visible.  The  horizontal  part  of  the  tube  (about 
eighteen  inches  or  two  feet  long)  may  be  of  metal :  the  two  vertical 
branches  (which  are  only  two  or  three  inches  high)  are  of  glass. 
The  surfaces  of  the  water  stand  at  the  same  level  in  those  two 
branches;  and  the  leveller  obtains  a  horizontal  line  of  sight  by 
looking  along  a  line  joining  those  two  surfaces^  which  may  be  con- 
sidered as  the  ''line  of  collimation"  of  the  instrament.  When 
the  distance  of  the  staff  is  so  great  that  the  observer  cannot  read 
the  divisions,  a  staff  of  the  old  kind,  with  a  sliding  vaue,  may  be 
used.  (See  Article  49,  p.  83.)  The  water-level  is  useful  for  settiug- 
out  the  points  of  contour-lines  intermediate  between  the  bendi 
marks,  being  sufficiently  accurate  for  that  purpose,  and  more  expe- 
ditious than  the  telescopic  levelling  instrument 
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CHAPTER  V. 

OF  SSTXIHO-OUT. 

62.  Baaciiic  mtrmigkt  l.tec«.^It  has  already  been  stated  in 
Article  11,  Division  XIIL,  p.  11,  that  the  process  of  ranging  and 
9eUing-^mt  the  line  consists  in  marking  on  the  ground  the  centre 
line  of  the  proposed  work. 

That  marking  consists  of  two  operations :  temporary  marking,  or 
nngifig,  by  means  of  poles;  and  permanent  marking,  or  setting- 
ont,  properly  so  called,  in  which  the  principal  marks  are  in  general 


The  distance  apart  of  the  stakes  used  in  setting-out  the  centre 
luie  of  a  proposed  work  raries  considerably  in  the  practice  of 
different  engineers.  In  some  cases,  a  stake  is  driven  at  every  chain 
of  66  feet;  in  others,  at  every  100  feet;  while  on  some  works  the 
distance  from  stake  to  stake  has  been  as  great  as  300  feet  Time 
and  money  are  saved  by  adopting  a  long  interval  between  the  stakes, 
bat  at  the  expense  of  precision. 

For  ranging  straight  lines  of  moderate  length,  the  most  conve- 
nient instrument  is  a  large-sized  transit  theodolite — ^that  is  to  say, 
one  vith  circles  of  six  inches  in  diameter  or  more  (Article  34, 
pp.  54,  55) — ^because  the  telescope  is  capable  of  being  tnmed  com- 
pletely over  about  its  horizontal  axis,  so  as  to  range  one  continuous 
strai^t  line  in  two  opposite  directions  from  the  station.  In  order 
tliat  this  operation  may  be  correctly  performed,  great  care  must  be 
bestowed  on  the  adjustment  of  the  line  of  collimation  perpendicular 
to  the  horizontal  axis  (Article  35,  p.  60),  of  the  horizontal  axis 
perpendicular  to  the  vertical  axis  (Article  35,  p.  61),  and  of  the 
vertical  axis  truly  vertical  (Article  35,  p.  58).  With  a  good  six- 
inch  theodolite  the  error  in  ranging  a  pole  in  a  straight  line  should 
pot  exceed  10"  in  angular  direction;  that  is  to  say,  about  three 
inches  at  a  distance  of  a  mile  off. 

Por  veiy  long  staraight  lines,  however,  the  theodolite  ia  not 
sufficiently  exact;  and  then  it  becomes  advisable  to  use  a  small 
Tkisbit  Ihbtrument,  consisting  simply  of  a  telescope  with  a  hori- 
zontal axis,  resting  on  a  suitable  stand,  so  as  to  be  capable  of  being 
turned  over  in  a  vertical  plane. 

The  telescope  of  a  transit  instrument  for  engineering  purposes 
xnaj  be  from  twenty  to  thirty  inches  in  the  focal  length  of  the 
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objecirgla&s.  At  the  middle  of  the  length  of  the  telescope  tube  is  a 
hollow  sphere,  to  which  are  joined  two  hollow  cones,  forming  the 
arms  of  the  horizontal  axis.  Those  arms  taper  towards  the  ends, 
where  they  terminate  in  two  hollow  cylindrical  pivots,  which  rest 
in  angular  bearings  called  Y^s,  each  supported  on  the  top  of  one  of 
the  standards  of  the  frame.  One  of  these  T*s  has  a  vertica]  adjusting 
screw,  for  raising  or  lowering  it  till  the  Horizontal  axis  is  truly 
Horizontal;  the  other  has  horizontal  adjusting  screws,  for  shifting 
it  back  or  forward  until  the  horizontal  axis  is  truly  perpendicular  to 
the  vertical  plane  in  which  the  line  of  collimation  is  intended  to 
move.  There  is  a  moveable  spirit-level  for  placing  the  axis  hori- 
zontal, whose  use  will  presently  be  described. 

At  the  common  focus  of  tike  object-glass  and  eye-piece  are  a 
set  of  cross-wires  carried  by  a  diaphragm,  which  ha^  adjusting 
screws  to  move  it  so  as  to  place  the  line  of  collimation  (marked  by 
the  intersection  of  the  central  pair  of  cross-wires)  exactly  perpen- 
dicular to  the  horizontal  axis.  At  night  the  cross-wires  are 
rendered  visible  by  light  which  enters  from  a  lantern  through 
one  of  the  hollow  pivots  of  the  horizontal  axis,  and  is  reflected 
towards  the  cross-wires  by  a  small  oblique  mirror.  The  strong 
cast-iron  stand  of  the  instrument  rests  on  and  is  screwed  to  a 
smooth  level  stone  slab,  forming  the  top  of  a  massive  stone  or  brick 
pedestal,  built  on  a  firm  foundation.  The  building  which  shelters 
the  instrument  should  be  entirely  disconnected  from  the  pedestal ; 
otherwise  the  vibrations  produced  in  it  by  the  wind  will  be  com- 
municated to  the  instrument 

To  &cilitate  the  placing  of  the  instrument  exactly  in  a  given 
alignment,  the  frame  sometimes  rests  on  a  lower  frame,  like  the 
slide-rest  of  a  lathe,  along  which  it  can  be  slid  sideways  into  the 
required  position  by  the  action  of  a  screw. 

The  adjustments  of  the  transit  instrument  are  as  follows : — 

(1.)  To  place  the  line  ofcoUimation  exactly  perpendicular  to  the 
horizontal  axis. — Direct  the  cross- wires  towards  a  well-defined 
point  in  a  distinct  object;  lift  the  telescope  with  its  axis  out  of  the 
Y's,  turn  it  over,  so  as  to  reverse  the  position  of  the  axis  end  for 
end,  and  set  it  down  again :  if  the  cross-wires  cover  exactly  the 
same  object,  the  adjustment  is  correct ;  if  not,  correct  one-half  of 
the  error  by  the  horizontal  adjusting  screws  of  one  of  the  Y^s,  and 
the  other  half  by  the  adjusting  screws  of  the  diaphragm.  Bepeat 
the  process  till  the  adjustment  is  perfect. 

(2.)  To  place  ike  horizontal  axis  truly  horizontal. — The  spirit- 
level  has  two  feet,  which  are  to  be  placed  striding  across  the  tele- 
scope so  as  to  rest  on  the  two  pivots  of  the  horizontal  axis  respec- 
tively. Bring  the  bubble  to  the  middle  of  the  level  by  turning 
the  vertical  adjusting  screw  of  one  of  the  Y's ;  reverse  the  position 
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<if  the  lerel  end  for  end:  if  the  babble remAiiia  at  the  centre  of  the 
kvdy  the  adjustment  ia  oorrect;  if  not^  correct  one-half  of  the 
deviation  bj  i^e  yerticaL  adjusting  acrew  of  the  axia,  and  the  other 
half  bj  the  adjusting  acarew  wbich  regulates  the  heiffht  of  one  of  the 
feet  of  the  sprtit-leveL  Repeat  the  operation  till  the  adjustment  ia 
perfect;  and  be  carafol  to  remove  the  spirit-level  before  moving 
the  teleaoope. 

(3l)  To  place  Ih^plaTie  of  motion  of  the  lino  of  eoUvmation  exactly 
m  the  vertieal  plane  traoenmg  two  dioUmt  etatvone  at  oppotke  eidee 
of  the  tnotrtimonL 

The  pedestal  is  to  be  boilt  aa  nearly  in  the  tme  alignment  aa 
is  practicable  by  ordinaiy  methoda  of  ranging,  and  the  upper 
sui&ee  of  ihe  flat  stone  which  forma  the  top  is  to  be  carefully 
levelled. 

The  transit  instrument  having  been  set  on  the  pedestal,  and  its 
line  of  oollimation  adjuated  perpendicular  to  the  horizontal  axis,  ia 
to  be  moved  by  hand  until  &e  telescope,  being  tunied  alternately 
in  opposite  directional  pointa  nearly  towards  the  signala  marking  the 
distant  ends  of  the  line;  observing,  that  when  the  line  of  oollima- 
tion deviates  to  the  eame  aide  of  both  signals  (for  example,  in  a 
line  running  north  and  south,  to  the  east  of  both,  or  to  the  west  of 
both)  such  deviation  ia  to  be  corrected  by  ahifting  the  stand  aide* 
ways ;  and  that  when  the  line  of  oollimation  deviatea  to  opposite 
sides  of  the  signala  (for  example,  to  the  east  of  one,  and  to  the  west 
of  the  other)  such  deviation  is  to  be  corrected  by  turning  the 
stand  aa  if  about  a  vertical  axis.  This  is  the  first  approximation 
to  adjustment  A  second  approximation  is  made  in  the  same 
mannCT,  after  having  levelled  the  horizontal  axis;  and  then  the 
places  are  marked  for  the  screw  sockets.  The  instrument  having 
been  removed,  the  holes  for  those  aocketa  are  to  be  cut,  and  the 
aocketa  fixed  in  them  with  lead. 

The  inatrument  is  then  replaced,  and  approximately  adjuated  aa 
before,  and  the  screws  for  fixing  it  to  the  pedestal  are  inserted,  but 
not  tightened  The  instrument  is  finally  adjusted  by  the  aid  of 
the  horizontal  adjusting  screws  of  the  horizontal  axis,  and  the 
fixing  screws  are  tightened* 

63.  ItotlBg  aad  Sctttas^iMrt  Cmaewm, — ^The  curved  parts  of  rail- 
ways require  to  be  set  out  with  great  predsion*  The  form  almost 
universally  adopted  for  them  is  that  of  circular  arcs,  though  in  a 
few  instances  other  forms,  such  as  that  of  the  parabolA,  have  been 
used  There  are  reaaona  for  thinking  that  the  best  form,  in  a 
mechanical  point  of  view,  ia  that  called  the  ''elastic  curve,"  which 
a  spring  of  uniform  tranaverse  aection  takes  when  bent;  but  the 

*  Ample  details  oo  tfiis  lalject  aragiveajin  Mr«  Simms^e  work  On  Practieal 
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great  difficulty  of  setting  it  out  accurately  haa  prevented  its  being 
used.  The  only  methods  which  will  be  described  here  are  three  of 
those  of  setting  out  circular  curves — ^the  method  by  angles — the 
method  by  offsets — and  the  method  by  bisections  of  area 

Method  L — SeUing-ovt  Circular  Curves  hy  Angles  cA  the  Cir- 
cumference,— ^This  is  the  only  method  by  which  drcular  curres  can 
be  set  out  at  once  as  quicldy  and  as  accurately  as  straight  lines.* 
It  depends  on  the  wdl-known  principle, 
that  the  angle  subtended  by  any  arc  of 
a  circle  at  any  point  in  the  drcumference 
of  the  same  circle,  is  one-half  of  the  angle 
subtended  by  the  same  arc  at  the  centre 
of  the  circle.  For  example,  in  fig.  48, 
A  B  is  an  arc  of  a  circle,  0  a  point  in 
the  circumference  of  the  same  circle  lying 
p.  ^p  beyond  the  arc.     The  angle  A  C  B  is 

^     '  one-half  of  the  angle  subtended  by  A  B 

at  the  centre  of  the  circle.  When  the  point  at  which  the  angle  is 
measured  lies  upon  the  arc,  as  atE,  it  is  the  angle  BEF  =  AEG, 
between  the  line  drawn  from  one  end  of  the  arc  and  the  prolonga- 
tion of  the  line  from  the  other  end,  that  is  equal  to  half  the  angle 
at  the  centre  of  the  circle.  When  the  point  at  which  the  angle  is 
measured  is  one  of  the  ends  of  the  arc,  as  A,  it  is  the  angle  DAB, 
between  the  tangent  of  the  arc  and  its  chord,  that  has  the  same 
property. 

To  express  this  by  a  formula;  let  a  denote  the  length  of  the  arc, 
r  the  radius  of  the  circle;  then — 

Angle  at  the  drcumference  in  mimUea 

=  ACB  =  FEB=:DAB  =  ^^^^^*^^^'^^ 

=  1718'-873^  (1.) 

(The  co-efficient  is  the  TsJue  in  minutes  of  one  half  of  the  arc  equal 
to  radius;  see  p.  37.)  t 

*  This  method  of  sottingHMit  cnrreB  by  ftDglei  was  published  for  the  flnt  tfane  in  a 
paper  read  to  the  ludtntion  of  Civil  Engfaieere  on  the  14th  of  March,  1S48,  bj  the 
author  of  this  woik,  who  had  first  practised  it  in  1841.  Methods  of  settingH>iU 
cnnres  by  the  theodolite  had  previoiisly  been  employed  by  Captain  Vetch  and  Mr. 
Gravatt,  but  they  have  never,  so  far  as  the  author  knows,  been  published. 

f  American  engineers  describe  the  sharpness  of  curves  by  stating  the  number  of 
degrees  in  the  angle  subtended  at  the  oentre  by  an  arc  of  100  feet  in  length,  which 
angle  they  call  the  "  angle  of  deflection."    Its  value  is 

6720*6 
Angle  of  deflecUon  in  degrees  -  j;;5i^i^  ^j^? 
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In  applying  that  principle  to  praddoe,  the  hest  infltmment  ia  a 
six-mch  transit  theodolite,  which  will  range  the  poeitiona  of  poles  at 
the  distance  of  half  a  mile  to  the  accuTBcy  of  an  inch  and  a-hal£ 
With  a  smaller  instrument, 
the  distances  most  be  shorter, 
or  Uie  precision  leas. 

PaoBLEM  {"ZBST. — To  set 
out  a  drcohur  conre  touching 
tvo  given  straight  lines,  when 
the  point  of  intersection  of 
those  straight  lines  is  acoes- 
siUe. 

Infig.  49,  let  B  A,  C  A,  be 
the  two  stnight  lines,  inters 
aectinginA.    Set  the  theodo-    ^  ng.  49. 

lite  at  A,  and  measure  the 
angle  there,  which  denote  by  A;  then  Uy  off  the  two  equal  tan- 
gents, A  B,  A  C,  as  calculated  by  the  following  fonnula  (in  which  r 
is  the  intended  ndius  of  the  curye): — 

AB=AC  =  rcotan^; (2.) 

and  B  and  C  will  be  the  ends  of  the  curve,  where  it  touches  the 
straight  lines. 

It  is  convenient  (though  not  always  necessary)  to  find  the  middle 
point  of  the  curve.  For  that  purpose,  range,  by  means  of  the 
theodolite  the  line  A  D  bisecting  the  angle  at  A;  and  lay  off  the 
distaao^ — 


A 


D=r(cosec|^-l); (3.) 


then  will  D  be  the  middle  point  of  the  curve. 

The  points  B  and  0  (and  also  D,  if  marked)  should  be  marked 
I7  stakes  distinguished  in  some  way  from  the  ordinary  stakes  which 
are  driven  all  along  the  centre  line  at  equal  distances  of  one  chain, 
or  100  feet,  or  some  other  distance. 

adeoBTcnely — 

BacDof  in  ftet  s 


Angle  of  deflection  in  degrees' 


A  asTB  is  called  a  "oBfr-digne  cnrre,*'  a  ''two-degrae  carve^"  and  to  on,  aoeording 

toitiang^ofdflflectiaL    HeoMi, 

A  '*  ooe-degne    cDire**  means  a  cmre  of  6729*6  hti  radios ; 
a  *« two-degree   carve"     —         —        2864-8  —     — 
a  **three-degraecanre"     —         —        1909  9  —     — 

ttdlPOD. 
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The  total  length  of  the  curve  is  found  hy  the  formula, 

Arc  B  0  =  '  0002909  r  x  supplement  of  A  in  minutea . .  .(4) 

Any  one  of  the  points,  B,  C,  or  D,  will  answer  as  a  station  for 
the  theodolite  in  ranging  the  curve.  The  commenoement  of  ihe 
curve,  B,  is  the  station  that  involves  the  simplest  operationa;  but 
when  the  length  of  the  curve  exceeds  about  half  a  mile,  the  middle 
point,  D,  is  the  best  station  as  regards  accuracy  and  convenienca 

The  following  is  the  process  of  ranging  the  curve  with  tiie  theo- 
dolite planted  at  its  commencement,  B : — 

For  brevity's  sake,  the  distance  between  the  stakes  which  mark 
the  centre  line  of  the  proposed  railway  will  be  called  ''a  Chain," 
whether  it  is  66  feet,  100  feet,  or  a  greater  distance. 

Let  o,  in  fig  49,  represent  the  last  stake  in  the  portion  of  the 
straight  line  immediately  preceding  the  curve;  the  distance  Bl 
from  the  commenoement  of  the  curve  to  the  first  stake  in  it  will  be 
the  difference  between  one  chain  and  o  R  The  angle  at  the  cir- 
cumference subtended  by  the  arc  Bl  having  been  calculated  by 
equation  1,  is  to  be  laid  off  by  the  theodolite  from  the  tangent 
B  A,  the  zero-point  of  the  azimuth  circle  being  directed  towards  A. 
The  line  of  collimation  will  then  point  in  the  proper  direction  for 
the  fii-st  stake  in  the  curve,  1;  and  its  proper  dutanoe  from  B  being 
laid  off  by  means  of  the  chain,  its  position  will  be  determined  at 
once. 

The  angles  at  the  circumference  subtended  by  B  1  + 1  chain, 
B  1  +  2  chains,  B 1  +  3  chains,  &c,  being  also  calculated,  and  laid 
off  from  the  tangent  B  A  in  succession,  will  respectively  give  the 
proper  directions  for  the  ensuing  stakes,  2,  3,  4,  dbc.,  which  are 
at  the  same  time  to  be  placed  successively  at  uniform  distances  of 
one  chain  by  means  of  the  chain. 

The  difference  between  an  arc  of  one  chain  and  its  chord,  on  any 
curve  which  usually  occurs  on  railways,  is  in  general  too  small  to 
cause  any  perceptible  error  in  practice,  even  in  a  very  long  distance ; 
but  should  curves  occur  of  unusually  short  radii,  it  is  easy  to  calcu- 
late the  proper  chord,  and  set  it  off  from  each  stake  to  the  next, 
instead  of  one  chain,  the  length  of  the  arc.  For  this  purpose,  the 
following  approximate  formula  is  usefrd.  Let  r  be  the  radius,  a  the 
arc,  and  c  the  chord;  then — 


=  =  ^(l-2l^)^«^^ly-   ^^-^ 


When  the  curve  is  ranged  with  the  theodolite  at  D,  or  at  any 
other  intermediate  point  in  the  curve,  or  at  its  termination  C,  the 
process  is  precisely  the  same,  except  that  the  zero-point  of  the 
azimuth  circle  is  to  be  turned  towards  B  instead  of  A;  and  that 
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wknlk  (iittift  ^w«eB  *«  theodolite  staktdon  (for  example,  in  mbui 
froiastAke4\oftAk6  5m  fig.  49,  ^vritH    tKe  theodolite  at  D)  the 

telescope  is  to  \»  tamed  completely  OTT'esr. 

Wlien  the  mequalities  of  the  grouxid.  xn&ke  it  impoflsible  to  naige 
tkenlaie  carve  from  iheafcaticHas  B,  I>,  ajid  C,  any  gtake  which  has 
already  beea  placed  in  a  cominaTicliTig  poaition  will  answer  aa  a 
stadcm  for  the  theodolite. 

The  stakes  or  polea,  after  having  l[>eeii  Tanged  by  the  theodolite 
should  have  th^  podtioQa  'finsilly  oHecked  and  a<ynated  by  a 
modification  of  the  method  of  ofiaets,  ^which  will  afterwaids  be 
explained. 

PsoBUEM  Seooitd.— To  8et  out  &  circular  curve,  touching  two 
gcven  straight  lines,  when  the  point  of  interaection  of  thoae  lines  is 

inaccesdble. 
In  fig.  50,  the  hnea  to  he  chained,   on  ^ 

the  gtomid  are  represented  by  fall  lines;  y\ 

thoae  whose  lengths  ate  to  hie  calculated  /     \ 

only  are  dotted.  /       ^     \ 

Let  B  A,  C  A,  he  the  two  straight 

lines,  meeting  at  the  inaoceanible   point 

A.     Chain  a  straight  line  D    !E1    upon 

accessible  gronnd,  so  as  to  connect  those 

two  tangents.    T)ie  position  of  the  tran9- 

verged  D  £  is  arbitrary;  but  it  is  conve-  Fig.  60. 

nient  so  to  place  it  that  it  will  cut  the  proposed  curve  in  two  points 

which  may  be  determined,  and  used  as  theodolite  stations.  ' 

Measure  the  angles  B  D  E,  D  E  O,  which  may  be  denoted  by  D 

and  £.     Then  the  angle  at  A  is  ^ 

A  =  D  +  E-180^; (g  J 

AD  =  DE$!L|;AE  =  DE>?-P.  /tx 

smA'  ^    sin  A'  '''^ 

A  A 

DB  =  rcotany-AD;  E  C  =  rcotan  =^-A  E; ...  (8.) 

and  by  laying  off  the  distances  D  B  and  E  C  as  thus  calculated,  the 
ends  of  the  curve  B  and  C  are  marked,  and  it  can  be  ranged  from 
either  of  those  stations  as  in  Problem  First 

But  it  is  often  convenient  to  have  intermediate  points  in  the 
carve  for  theodolite  stetions;  and  of  those  the  points  of  intersec- 
tion with  the  transversal,  H  and  K,  and  the  point  G,  midway 
between  these,  can  easily  be  found  by  the  following  calculations  in 
making  which  a  table  of  squares  is  useful.  ' 

Let  F  be  the  point  on  the  transversal  midway  between  H  and  K. 


>*"^^ 
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If  B  D  =  C  E,  die  point  F  is  at  the  middle  of  D  R  If  B  Dand 
C  E  are  unequal,  let  B  D  be  the  greater;  then  the  position  of  F  is 
given  by  either  of  the  two  following  formulae : — 

DE    BD«-CE2              DE    BD'-CE^ 
^^-—2"^      2DE~~'^^  =  ~2 2DE     '"^^'^ 

The  points  H  and  K  are  at  equal  distances  on  each  side  of  F, 
given  by  either  of  the  following  expressions  :-^ 

^  V(DF«  +  EFg-BD>-CE«)  ...(10) 

The  equations  9  and  10  are  deduced  from  the  two  following, 
which  may  be  used  in  order  to  check  the  calculations^  and  are  given 
in  a  form  suitable  for  the  use  of  a  table  of  squares: — 


4 


(11.) 


The  point  G  in  the  curve  is  found  by  setting  off  the  ordinate 
F  G  perpendicular  to  D  £,  of  the  following  length: — 

F  G  =  r-  Vr2-FH2. (12). 

The  angles  subtended  at  the  centre  of  the  curve  by  the  several  arcs 
between  the  commencement  B  and  the  points  H^  G^  "K,  C,  are  as 
follows: — 

Angle  subtended  at  thecentreby  BH  =  180**  -  D  -  arc  •  sin  — ; 

T 


—  —        —        —         BG=180«-D; 

_        _        _        _        BK=180°-D  +  arc-sin— ; 

—  —        —        —      BC  =  180**-A  =  360°-D-E; 


(13.) 


and  the  length  of  any  one  of  those  arcs  may  be  computed  by  means 
of  the  formula, 

Arc  =  *  0002909  r  x  angle  at  centre  in  minutes.  . . .  (14.) 
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The  xme  d  TO^  co1^P^*ta*ioTis  -will  appear  in  the  next  problem. 

(^se&  TQKywsQi^^*^^^  obstacles  upon  the  ground  render  it 
neceaBBiy  to  tmJw  ^^  ^^  \>otli  of  the  ends  of  the  tnmBversal  D  £ 
meet  the  BbRfl%\&  Va»^^t»  heyarui  the  ends  of  the  aura  The 
whole  of  the  ioxmoi©  w^a^iy  g^^en  continue  to  be  applicable,  with 
(mly  the  foUoinLg  momficatioiis. 

WhenDlieafoitheiiroiik  A.  than  B  does,  D  B  is  negative  in  the 

fint  of  the  eqvta^oBB  S— Hiat  ia^  A  D  is  greater  than  r « ootan  -^  ; 

and  the  point  H,  as  found  Toy  means  of  equation  10,  lies,  not  on 
the  arc  to  be  T&ug^,  but  on  the  continuation  of  the  same  dicle 
beyond  B. 

When  E  lies  fdriheT  from  A  than  G  does,  E  0  is  negative  in  the 
second  of  the  equatiouB  8— that  is,  A  E  is  greater  than  r  -  cotan 

=: ;  and  the  point  K,  as  foxind  by  means  of  equation  10,  lies,  not 

on  the  arc  to  be  ranged,  but  on  the  continuation  of  the  same  circle 
beyond  C. 

The  point  G  always  lies  on  the  arc  to  be  langed.  The  longer 
the  ordinate  E  G  is,  the  more  carefully  must  it  be  set  off  at  right 
angles  to  ihe  transversaL 

PsoBLEM  Thied.— To  sct  out  a  circular  curve  touching  two  given 

gferaight  lines,  when  part  of  the  curve  is  inaccessible  to  Ae  chain. 

If  the  point  of  intersection  of  the  tangents  is  accessible,  the  two 
ends  of  the  curve  are  to  be  determined  and  marked  as  in  Pit)blem 
First,  and  also  the  middle  point  of  the  cur^e,  unless  it  lies  on  the 
inaccessible  ground;  and  the  length  of  the  curve  is  to  be  computed 
by  equation  4 

If  the  point  of  intersection  of  the  tangents  is  inaccessible  the 
two  ends  of  the  curve,  and  at  least  one  intermediate  point  are  to 
be  determined  and  marked  by  the  aid  of  a  transversal,  as  in  Problem 
Second,  and  the  lengths  of  ihe  arcs  bounded  hj  those  points  are  to 
be  computed  by  the  formuhs  13  and  14. 

A  transversal  may  be  useful  even  when  the  point  of  intersection 
of  the  tangents  is  accessibla 

Each  of  the  points  thus  marked  will  serve  either  as  a  theodolite 
station,  or  as  a  station  to  chain  from,  or  for  both  purposes;  and  the 
stakes  lying  between  the  obstacle  and  the  next  station  beyond  it 
are  to  be  planted  by  chaining  backwards  from  that  station. 

Suppose,  for  example,  that  the  commencement  of  the  curve  (B) 
lies  at  243  chains  60  links  from  the  commencement  of  the  line  or 
"peg  0."  The  first  stake  in  the  curve  will  be  40  links  from'  B 
and  will  be  ."  peg  244."  Now,  suppose  that  pegs  245  and  246  can 
be  planted  by  chaining  forwards,  but  that  an  obstacle  occurs  in  the 


^  circle.     Produce 

j^r  =CE;  join  D 

/  _    ,,  is  called  the  "o 


108  XNOINEEBIKO  CUSODEST. 

course  of  the  next  chain.  Let  G  denote  a  station  in  the  curve 
beyond  the  obstacle,  found  by  means  of  a  transversal  or  otherwise, 
and  let  the  arc  B  G,  computed  by  the  proper  formula,  be  6  chains 
20  links.  Then  G  is  243  -60  +  6  *  20=^249  chains  80  links  from 
''peg  O;'  and  lies  between  peg  249  and  p^  250.  Peg  249  is 
planted  by  chaining  backwards  80  links  from  G,  and  pegs  248  and 
247  by  continuing  to  chain  backward&  Peg  2d0  is  planted  by 
chaining  forwards  20  links  from  G,  and  pegs  251,  &c,  by  continu- 
ing to  chain  forwards.  The  ranging  of  the  angular  directions  of 
the  stakes  from  a  theodolite  station  presents  no  peculiarity. 

u  2*  MethodIL — SetHng-mUCircuiarCurves 

A  ^^..^       by  Offsets, 
B    Z;5S'¥''^^^       Infig.51,letAC,CE,EG,beaseries 
/>ir^  of  equal  or  unequal  chords  inscribed  in  a 

Produce  A  C,  to  D,  making  0  D 
R     The  distance  D  E 

..^^  «-^  "offset/^  and  its  value  is 

^'     '  almost  exactly 

DE  =  ^^^ (15.) 

Let  C  E  and  E  G  be  two  eqiud  chords;  then  the  offaet  is 

FG  =  ?-^.  (16.) 

If  A  B  is  a  tangent  to  the  curve  at  A,  and  C  B  a  perpendioular 
let  fall  upon  it  from  C,  that  perpendicular,  being  the  offset  from  the 
tangent,  is 

BC=^. (17.) 

Problem  Fourth. — To  set  out  a  circular  curve  by  ofisets,  com- 
mencing at  a  given  point  on  a  straight  line  (fig.  51). 

Let  A  be  the  commencement  of  the  curve,  found  as  in  Problem 
First,  and  marked  with  a  pole ;  A  B  the  prolongation  of  the  straight 
line  (being  a  tangent  to  the  curve),  and  B  the  end  of  the  chain  when 
laid  along  that  prolongation  from  the  last  stake  in  the  straight  line. 
Plant  a  small  pole  at  B,  calculate  the  ol&et  B  C  by  equation  17, 
shift  the  end  of  the  chain,  and  the  pole  along  with  it,  sideways  frt>m 
B  to  C,  keeping  the  chain  tight,  and  leave  i£e  pole  at  C. 

Drag  the  chain  onward  in  the  prolongation  of  A  0;  range  a  pole 
at  D  in  a  straight  line  with  A  and  C,  and  at  one  chain's  distance 
from  C;  shift  the  pole  and  the  end  of  the  chain  through  the  offset 
D  E,  calculated  by  equation  15. 


gsrnSQ-OTTT  €TXrB: 
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Dug  {be  c\jam  onward  ;  TaAge  sk  pole  at  F  in  a  straight  line 
liih  C  MidE,  aad  at  one  chaaxx's  distance  from  E ;  shift  the  pole 
and  {he  end  of  t\ie  c\iaia  tliroiig;lx  tlie  ofiset  F  G,  calculated  by 
equataoa  16-,  leave  ibe  pole  9X  O-,  and.  so  on. 

If  ihia  proceaa  conlA  \>e  pexformed  with  absolute  precision,  the 
ranre  wovdd  termixttte  \)y  ex&ci>ly  touching  the  further  tangent 
at  the  point  of  contact  found  as  iix  T^roblem  First.  But  this  never 
takes  place  at  the  tet  trial,  esccept  by  accident;  for  any  small 
inacciuracy  in  kying  off  the  offset  piroduces  an  error  in  the  position 
of  each  sUke,  incceacdng  nearly  as  the  square  of  the  distance  from 
the  commencement  of  the  curve.  If  the  final  error  is  considerable, 
the  curve  must  be  langed  over  again,  until  by  successive  trials  the 
final  error  has  been  reduced  to  one  not  exceeding  about  ten  links; 
then  the  positioiiB  oC  tke  stakes  are  to  be  finally  adjusted  by 
fthftining  Tomikd  the  curve  once  moro,  and  shifting  each  stake 
adeways  through  a  distance  proportional  to  the  square  of  its 
distance  from  the  commenoement  <k  the  curva 

Although  this  method  is  clumsy  and  tedious  as  a  means  of 
ranging  curves,  it  is  very  useful  for  testing  the  uniformity  of 
curvature  of  curves  already  ranged,  and  for  rectifying  the  positions 
of  individual  stakes  to  the  extent  of  an  inch  or  two. 

MsraoD  IIL-^Pboblkk  Fifth. — To  Mtaut  a  drcular  <mrve  by 
tucoesMve  biBecUons  of  arcs. 

This  is  a  method  to  be  used  only  in  the  absence  of  angular 
instruments.  It  depends  on  the  following  relation  between  the 
versed  sine  of  an  angle  B  and  that  of  its  hidf ; 


-f=i-\/i 


venon 

To  apply  this  principle,  let  B  A, 
C  A,  in  fig.  52,  be  the  two  tan- 
geatB,  and  B  and  0  the  ends  of 
the  curve,  so  placed  that  A  B  and 
A  C  shall  be  equal,  but  leaving 
the  radius  to  be  found  by  calcula- 
tion.   Measure  the  chord  B  C. 


versin  B 


(18.) 


ng.62. 


Then  tihe  amplest  prooeas  for  finding  ihe  radius  is  to  nse  the 
fbUowing  fonniilA  >~~ 


ABBC 


V^B* 


BC2i 


(19.) 


but  88  the  triangle  A  B  C  is  in  general  **  iU-conditioned,''  it  is 
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more  accurate,  though  more  laborious,  to  bisect  B  0  in  E,  measure 
A  £,  and  make 

ABBE  ,,„    . 

^  =  -AE- <^^^> 

Calculate  the  yersed  sine  of  the  angle  A  B  E  =  B,  which  is  that 
subtended  at  the  centre  by  one-half  of  the  curve,  as  follows : — 

.    _      A  B  —  BE  ,g^ . 

versm  B  =  — j-^ — j (20.) 

and  by  means  of  equation  18  (using  a  table  of  squares,  if  one  is  at 

T>     "D     T> 

hand)  calculate  the  versed  sines  of  -^,  p  ^,  ^,  in  succession, 
observing  that  versin  B  enables  one  intermediate  point  in  the 
curve  to  be  foimd,  versin  ^,  three  points,  versin  -^,  seven  points; 

and    generally,  that  versin  -^  enables  2*  +  *  —  1  intermediate 

points  in  the  curve  to  be  found 

From  the  middle  E  of  the  chord  B  C  and  perpendicular  to  it, 
lay  off  the  offset  E  D  =  r  vei*sin  B ;  D  will  be  the  middle  point  of 
the  curve. 

Chain  and  bisect  the  chords  B  D,  D  C,  and  from  their  middle 
points  and  perpendicular  to  them,  lay  off  the  offsets 

H  K  =  1 1  =  r  versin  ^; (21.) 

K  and  L  will  be  points  in  the  curve,  midway  respectively  between 
B  and  D,  and  bstween  D  and  C;  and  so  on  until  a  sufficient 
number  of  points  have  been  marked  by  poles. 

Then  chain  round  the  curve  as  ranged  by  the  poles,  and  drive 
stakes  at  eaual  distances  apart 

The  uniformity  of  the  curvature  may  be  finally  checked  by 
Method  II. 

64.  Nickta«-Mit  the  centre  line  of  a  proposed  work  consists  in 
cutting  a  small  trench  about  six  inches  wide,  to  mark  the  centre 
line  in  the  intervab  between  the  stakes.  The  surface  of  the 
ground  ought  to  be  left  undisturbed  for  a  short  distance  on  each 
side  of  each  stake. 

Where  the  centre  line  crosses  fences  and  buildiugs,  it  should  be 
distinctly  marked  by  notches  or  grooves. 

65.  Penumeat  Hariu  of  the  I^Imc  «■«  lierela  are  usually  stakes 
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of  larger  dimenaiona  tl&aa  tlioae  which  mark  the  centre  line,  and 
placed  80  &r  to  either  side  of  it  that  there  is  no  tisk  of  their 
being  disturbed  duiing  the  progress  of  the  work,  by  which  the 
marks  on  the  centre  line  itaelf  are  obliterated 

The  places  where  permanent  marks  of  the  coarse  of  the  line  are 
chiefly  required  are  on  the  tangents  of  curres^ — ^their  distances  from 
the  ends  of  the  curves  being  noted,  so  as  to  enable  both  the  curves 
and  the  straight  lines  which  connect  them  to  be  ranged  over  again 
at  any  tima  Any  important  point  on  a  curved  or  straight  part 
of  the  centre  line  may  be  permanently  marked  by  driving  two 
stakes  in  a  straight  line  passing  through  it,  one  at  each  side  of  the 
site  of  the  work,  and  noting  its  distances  from  them,  or  by  any  of 
the  means  described  in  the  second  paragraph  of  Article  21,  p.  17. 

Stakes  to  be  used  as  permanent  bench  marks  for  the  levels  of 
the  work  are  about  three  or  four  feet  long,  and  four  inches  square, 
hooped  round  the  top  with  iron  to  prevent  the  head  from  being 
(Tushed  One  of  the  best  ways  to  form  a  firm  surface  for  the  staff 
to  rest  on  is  to  drive  into  the  head  of  the  stake  a  long  iron  spike 
with  a  large  convex  head;  the  uppermost  point  of  the  convex 
sor&oe  of  that  head  is  the  bench  mark.  Such  marks  are  to  be 
placed  near  the  sites  of  all  proposed  pieces  of  masonry,  and  other 
structures  of  importance,  and  near  the  ends  of  cuttings  and 
emhankments;  and  opposite  points  where  the  rate  of  inclination  or 
gradient  of  a  proposed  railway  is  to  change. 

As  soon  as  any  piece  of  masonry  has  been  built  high  enough, 
one  or  more  bench  marks  should  be  made  on  the  masonry  itself,  to 
regulate  the  levels  to  which  the  remainder  of  the  structure  is  to  be 
built 

66.  WmUbs  gecti—  ami.  licv«i*B««k.— The  nature  of  a  working 
section  has  already  been  explained  generally  in  Article  11,  Division 
XIY.,  p  11,  and  in  Article  16,  p.  15.  The  levels  taken,  in  order 
to  prepare  1%  consist  for  the  most  part  of  those  of  the  stakes  planted 
to  mark  the  centre  line,  which  are  driven  until  their  h^tds  are 
flush  with  the  ground  Should  any  inequality  of  the  ground  occur 
between  two  stakes,  enough  of  additional  levels  and  distances  must 
be  taken  to  enable  an  exact  vertical  section  of  it  to  be  plotted;  and 
the  levels  of  every  line  of  communication  and  other  important 
object  must  be  taken  where  it  is  crossed  by  the  centre  line.  The 
level  of  eveiy  stake,  and  of  every  line  of  communication  crossed,  is 
to  be  taken  twice  over. 

As  to  scales  for  working  sections,  see  p.  7. 

Cro88  Sections  have  alr^uiy  been  refeired  to  in  Article  60,  p.  97. 
When  the  ground  is  uneven  sideways,  they  may  be  requiml  at 
each  stake:  In  general,  they  should  be  ranged  accurately  at  right 
angles  to  the  centre  line,  and  should  be  plotted  without  exaggera- 
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tion ;  their  vertical  and  horizontal  scales  being  the  same  with  the 
vertical  scale  of  the  longitudinal  section.    All  cross  sections  should  be 
plotted  as  seen  by  looking/ortoordlff  towards  them  along  the  centre  line. 
The  l<erel-B««k  of  the  working  section  of  a  line  of  communica- 
tion is  a  book  containing  a  complete  statement  of  the  levels  of  the 
ground  and  of  the  intended  work,  and  of  other  information  which 
will  presently  be  specified     Each  folio  of  the  book  is  divided  into 
several  columns,  whose  number,  arrangement,  and  contents  differ 
in  the  practice  of  different  engineers.     The  following  statement  of 
the  contents  of  the  several  columns  of  a  level-book  may  be  taken  as 
an  example.     It  is  specially  adapted  to  a  railway,  but  may  be 
made,  by  slight  modifications,  to  suit  other  kinds  of  works: — 
Column  1.  Numbers  of  the  stakes  planted  at  equal  intervals  of 
66  feet,  100  feet,  300  feet,  or  some  other  distance 
along  the  centre  line.     The  stake  at  which  the  line 
commences  is  numbered  0. 
Column  2.  Distances  from  the  commencement  of  the  section,  in 

links  or  feet,  as  the  case  may  ba 
Column  3.  Descriptions  of  objects  between  the  equidistant  stakes, 
such  as  fences,  streams,  roads,  canals,  railwaysy  in- 
termediate stakes  at  ends  of  curves,  isc 
Column  4.  Levels  of  the  ground  at  the  stakes,  and  between  them 

when  necessary,  and  of  bench  marks. 
Column  5.  Intended  level  of  the  upper  surface  of  the  railway  (or 

other  proposed  work.) 
Column  6.  Formation  lend  (that  is,  level  of  the  ground  when 
prepared   by  excavation  or  embankment  for  the 
completion  of  the  work). 
Column  7.  Depths  of  cutting,  \  as  calculated  by  taking  the  differ- 
Column  8.  Heightsof embank-  >  ences  between  the  numbers  in 
ment>  j  column  4  and  column  6. 

C  \  10  I  ^^^  ^^  lateral  slope  of  the  ground,  if  any,  to  the 

I  '  >if  I  ^^  *^*^  centre  line,  specifying  whether  it 
rises  or  fidls  from  the  centre  line.  If  the  slope  of 
the  ground  is  irregular,  reference  may  be  made  to  a 
cross  section. 

lunn      .1  gpead^g  ^f  -[g^^  required  for  works  only  (exclu- 
sive   of  fences)  to  the  •!    .®v.  >  of  the  centre  line 

These  are  called  ''half-breacUhs,"  The  method  of 
calculating  them  will  be  described  under  the  head  of 
Eabthwobx,  in  the  sequel 
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Sl^  14.}  ^"^  half^breadihs  to  the  {  J^Jt}""^  *^®  ^^*"^ 
line,  found  by  adding  the  intended  breadth  of  the 
fencing  to  the  half-breadths  in  colnmnB  11  and  12. 
Colmnn  15.  Angles  at  which  streams,   roads,  canals,   railways, 
ibc.,  cross  the  oentre  line,  stating  (if  the  angles  are 
oblique)  whether  the  acute  angle  lies  to  the  left  or 
right  of  the  centre  line  looking  forwards. 
Colmnn  16.  Hemarks: — Comprisingpositionsof  permanent  marks, 
rates  of  inclination  or  gradients,  radii  of  curves, 
spans  and  head-room  of  bridges,  tunnels,  and  archeH 
of  viaducts,  alterations  of  level  of  existing  lines  of 
communication,  <kc., — ^the  whole  accompanied  by  a 
sketch  of  the  working  section. 
When  an  existing  line  of  communication  is  to  be  altered  in  posi- 
tion or  level  for  the  purposes  of  the  proposed  work,  a  working  section 
of  the  works  required  for  such  altered  line  should  be  prepared  in  the 
same  manner  with  that  of  the  principal  work,  and  its  de«criptiou 
inserted  in  the  level-book. 

67.  WcMJMg  mwA  itopM  •■«  UwmmMbm  mi  immd  (already  referred  to 
in  Article  11,  p.  11)  is  performed  b^  laying  off  the  half-breadihs 
of  the  work  and  the  total  hatf-hreadiha,  as  calculated,  exactly  at  right 
angles  to  the  centre  line,  marking  their  ends  with  stakes,  and 
sometimes  also  nicking  out  lines  so  as  to  connect  those  stakes,  and 
show  the  boundaries  of  the  earthwork  and  the  boundaries  of  the 
land  to  be  occupied  respectively.  A  temporary  fence  is  made,  as 
soon  as  possible,  along  the  outer  of  those  boundaries. 

The  liABd-piBM  (referred  to  in  the  same  page)  are  prepared  by 
plotting  the  total  half-breadths  on  the  plan  of  the  working  survey, 
drawing  the  boundaries  of  the  pieces  of  land  required  for  the  work, 
and  making  separate  copies  or  tracings  of  them,  to  be  used  in 
dealing  with  the  owners  and  occupiers. 

68.  :PcraMacai  Hiaviu  •f  flitM  •f  w^riw  are  stakes  planted  on 
nearly  the  same  principle  with  those  already  described  in  Article 
65  for  marking  points  on  the  centre  line.  For  example,  suppose 
that  the  work  to  be  set-out  is  a  bridge,  consisting  principally  of  two 
abutments  which  support  an  arch  or  a  platform.  The  principal 
points,  upon  which  the  positions  of  all  other  points  in  the  bridge 
depend,  are  the  four  comers  of  its  abutments.  To  enable  the 
positions  of  those  comers  to  be  found  at  any  time,  plant  four  stakes 
in  the  prolongations  of  the  faces  of  the  two  abutments,  at  known 
distances  &om  the  four  comers,  and  sufficiently  far  from  them 
to  be  dear  of  the  work. 

69.  In  flcttiB«-«M  iicveii  •r  Kzaivati*iis  the  engineer  causes 
stakes  to  be  driven,  whose  heads  are  at  the  intended  formation-leveL 

I 
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To  plant  a  stake  at  a  given  level,  the  staff  is  to  be  held  upon  the 
nearest  bench  mark,  and  read ;  the  difference  between  the  level  of 
that  bench  mark  and  that  of  the  new  stake  to  be  driven,  is  to  be 
added  to  the  reading  of  the  staff,  if  that  stake  is  to  be  lower  than 
the  bench  mark, — subtracted,  if  it  is  to  be  higher.  This  gives  the 
height  which  will  be  read  upon  the  staff  at  the  new  stake,  when 
that  stake  has  been  driven  to  the  proper  depth. 

Two  such  stakes,  being  driven  at  fifty  feet  apart  or  thereabouts, 
in  the  centre  line,  near  &e  commencement  of  a  proposed  cutting, 
enable  the  excavators  to  carry  on  the  cutting  at  the  proper  level 
and  rate  of  inclination  for  some  distance,  by  the  operation  called 
*'  homng^^  which  consists  in  ranging  a  line  of  uniform  inclination 
from  two  given  points  in  it,  with  T-shaped  instruments  called 
*'  boning-rods."  Each  of  these  consists  of  an  upright  staff,  having 
a  cross-bar  at  right  angles  to  it  at  the  top:  all  the  boning-rods 
belonging  to  one  set  ought  to  be  exactly  of  the  same  height.  To 
range  or  "  bone"  the  bottom  of  a  cutting  with  them  from  two  given 
stakes,  two  of  the  rods  are  to  be  held  upright  on  the  heads  of  the 
two  stakes,  and  a  third  held  upright  at  any  point  in  the  cutting 
which  is  in  the  same  straight  line  with  the  stakes;  when,  if  the 
bottom  of  the  cutting  is  at  tBe  true  formation  level,  the  tops  of  the 
three  rods  will  be  in  one  straight  line.  In  this  manner  the  cutting 
is  carried  forward  at  an  umform  rate  of  inclination,  until  the 
engineer  thinks  it  advisable  to  plant  a  new  pair  of  stakes  by  the 
level  and  staff  near  its  inner  end,  from  which  the  boning  goes  on 
as  before. 

70.  Banging  nnd  0elling-«nt  Tnnneli.— The  centre  line  of  a 
tunnel  having  been  at  fii«t  ranged  on  the  sur&ce  of  the  ground,  in 
the  manner  already  described,  a  row  of  shafts  are  sunk  in  con- 
venient positions  along  that  lina 

In  order  to  range  the  line  below  ground,  it  is  necessary  to  have 
two  marks  in  the  centre  line  at  the  bottom  of  each  shaft,  as  far 
asunder  as  possible,  to  enable  that  line  to  be  prolonged  from  the 
bottom  of  the  shaft  in  both  directions.  Those  marks  consist  of 
nails  or  spikes  driven  into  the  cross-timbers. 

The  former  practice  was  to  determine  the  positions  of  those 
marks  below  ground,  by  erecting  over  the  shaft  a  timber  fiame, 
from  which  two  plumb-lines  were  suspended,  hanging  nearly  to  the 
bottom  of  the  shaft,  and  to  range  those  plumb-lines  by  the  transit 
tnstnmient ;  but  as  that  process  is  difficult  or  impossible  in  windy 
weather,  Mr.  Simms  introduced  the  following  improved  method  : — ^ 
The'  engineer  ranges,  by  the  tiunsit  instrument,  two  strong  stakes 
in  the  centre  line  above  ground,  each  about  sixteen  feet  from  the 
centre  of  the  shaft,  so  as  to  be  safe  from  disturbance  while  the 

*  SimmB  On  Practical  T\imeUing. 


TOrku  m  progresB^    To  mark    the    exact  poaitkm  of  the  centre 
toe,  «ch  stake  hM  driven  into    its   head  •  spike,  with  an  ere 
ft^  ite  tojK    The  eye  of  each   apike  i«  very  carefully  renged 
■!Z       ,  **"*"  ^  being  made  visible  to  the  observer  at  the 
^^t  by  holding  a  piece  of  white  paper  behind  it    A  cord  is 
*«WiedairwBgh  the  holes  in  the  apikea,  so  ae  to  maA  tie  courre 
Mtteoratre hne  acrosB the  month  of  the  ahafi    At  eadi  side  of 
Tf"^?  1*^18  kid,  at  right  anelee  to  the  string,  and  with  ite 
«*ioyeAM.gu^the  edge  of  the  shaft  two  or  three  indies,  so  that 
a  pinmb-lme  may  hang  from  it  dear  of  the  side  of  the  shaft     Two 
mMm»  ate  then  hung  from  U»o  planks,  directly  under  the  cord 
«M  iMrks  the  centre  line ;  and  the  lower  ends  of  those  plumb-lines 
«Kwtwopomt8inthe  centre  line  at  the  bottom  of  the  shaft 

\i»  ajyroximate  rangii^  of  the  "  heading  "  or  «  drift,"  or  small 
fmwW  mme  that  connects  the  lower  ends  of  the  shafts,  is  per- 
»»<MdWnu!aiia  of  candles,  esu^h  hung  from  the  timber  framing  in 
•*>rt(rfgtiprop. 

/^  •ocurate  ranging  of  the  centre  line,  after  the  beading  has 
"f™' mwie,  M  petfonned  by  stretching  a  cord  between  the  marks 
rfTL"^  at  the  bottom  of  the  shaft,  and  fixing  at  intervals 
i™^*  forty  feet,  either  small  perforated  blocfarfwood  carried 
V  WMs-bats,  or  stokes  with  eyed  spikes  driv^  •  7  ^W  heads, 
«tt«tti«  holes  in  the  blocks  or  spik«  shaU^'L"'^  Uy^ec^ 
^y  m  the  centre  line.  The  ^treU-**  J«««*^  of  the 
^nnd  an  then  be  marked  at  any  time  wh«n°V^.  «»7  P*^_^.,.;„„ 


"T^^^  «*«»  be  marked  at  any  time  ^b^Zf-  '^^J^^^kcebcUng 
» oord  throngh  two  of  those  holes.  ThTl^'^  ^^  Sed  in  » 
tempoaqr  w,y  to  the  timber  framework  J°*-*«»  '^  JT  bo  ihat 
»^  «a  be  removed,  to  leave  a  free  passn^  ;"*  heedi^^*  wagons; 
»« then-  places  are  so  marked  that  thV«f  ^  »»en  »"^-a«tly  in 
"T^  proper  positions  at  any  time  when  it  iT  **  '^'^^  J^^  P*^ 
« the  Ime;  H  Required  *<>  '*^^ 

"^  of  a  Went  to  the  curve  at  its^**^  *  shaft  »»*** 

Wbeu  the  line  of  shafts  doe«  Z^e  ,^t*e.  .     -  of  the 

J;»'el.bntalmeparaUeltoiUe„^"o»thecetiti^  ^i^  s^ont 


<»-^  -'bea 
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brickwork  a  horseshoe-shaped  staple  in  a  horizontal  position,  the 
levelling-staff  being  held  on  its  upper  surface  in  taking  its  level. 

Some  part  of  the  masonry  or  brickwork  of  the  intended  tunnel  is 
taken  as  a  standard  point  bj  means  of  which  the  levels  of  other 
points  are  regulated:  for  example,  the  ''invert-skew-back,**  or  joint 
where  the  inverted  arch  forming  the  bottom  of  the  tunnel  meets 
the  sides.  That  joint  being  at  a  fixed  height  above  or  below  the 
rails  (generally  below),  its  depth  below  the  staple  is  to  be  calculated. 
That  depth  is  then  to  be  set-off  by  hanging  through  the  staple  a 
chain  of  rods  of  the  proper  length.  The  rods  used  by  Mr.  Simms 
are  connected  together  at  the  ends  by  eyes  and  spring-hooks  :  the 
length  of  each  rod,  from  the  inside  of  the  eye  at  one  end  to  the 
inside  of  the  hook  at  the  other,  is  ten  feet  To  set-off  a  given 
depth  below  the  staple,  the  number  of  rods  to  be  linked  together  is 
one  more  than  the  number  of  entire  tens  of  feet  in  the  depth ;  the 
odd  feet  and  decimals  of  feet  are  set-off  on  the  uppermost  rod  by 
screwing  a  gland  upon  it  at  the  proper  point.  The  chain  of  rods 
is  then  dropped  through  the  staple  until  the  gland,  resting  on  the 
staple,  prevents  them  from  passing  further,  and  supports  the  whole 
chain  ;  a  bench  mark,  consisting  of  a  flat-sided  spike  driven  hori- 
zontally into  the  timbering,  or  of  a  stake  with  around-topped  spike 
in  its  head,  driven  vertically  into  the  ground,  is  then  adjusted  at 
the  bottom  of  the  shaft,  so  that  its  upper  surfftoe  ifi  exactly  on  a 
level  with  the  bottom  of  the  lowest  rod. 

The  staple  forms  a  permanent  bench  mark,  through  which  the 
rods  can  be  lowered  again,  whenever  it  is  necessaiy  to  make  a  new 
bench  mark  under  ground,  owing  to  disturbance  of  the  former 
bench  mark.  This  is  always  done  after  the  brickwork  has  been 
partly  built,  in  order  to  make  a  permanent  bench  mark,  by  driving 
a  flat  spike  into  the  side  of  the  tunnel. 

Further  remarks  on  setting-out  will  be  made  under  the  head  of 
each  kind  of  work  for  which  peculiar  methods  are  required. 
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CHAPTER  VL 

OV  MARnnS   SURYSmra  fob  ENGINEEBZNa  PURPOSKS. 

71.  iJhrtfH—  wT  tke  tteldgci~¥.«MiMBHM— »w#ffc«-Marine  sar- 
Teys  are  undertaken  for  purposes  of  geography  and  navigation  as 
veil  as  for  those  of  engineering ;  but  the  present  chapter  has  reference 
to  the  last  of  those  purposes  only;  and  it  therefore  describes  the 
operations  of  marine  surveying  so  fkr  only  as  they  are  required  in 
preparing  plans  for  engineering  works  in  navigable  waters. 

The  principal  objects  of  such  surveying  are  to  determine  and 
represent  on  a  plan  the  figure  of  the  bottom  of  the  sea,  or  other 
{^eoe  of  water,  on  a  scale  suited  for  designing  engineering  works, 
and  to  ascertain  the  materials  of  which  the  bottom  consists,  the 
level,  rise  and  fiiU  of  the  surface  of  the  water,  and  the  direction 
and  speed  of  its  currents. 

The  marine  survey  must  be  based  upon  a  survey  on  the  adjoin- 
ing land,  by  means  of  which  the  figure  of  the  coast  and  the  posi- 
tions of  a  sufficient  number  of  conspicuous  and  well-defined  objects 
near  the  coast  have  been  ascertained.  These  objects  are  the  land- 
marks,  by  observations  of  which  the  positions  of  points  on  the 
sur&ce  of  the  water  are  determined. 

Stations  afloat  can  be  marked  by  means  of  buoys,  canying  poles 
and  vanes. 

To  prevent  a  buoy  from  deviating  to  any  considerable  distance 
from  a  position  directly  above  its  anchor,  the  mooring  cable,  which 
is  fixed  at  one  end  to  the  anchor,  passes  through  a  ring  called  a 
'*  thimble,"  attached  to  the  buoy,  and  has  a  weight  hung  to  the 
otiier  end 

72.  Ilaiani  mmA  Besck  Mariu  for  I>Teiikr~There  should  also  be 
a  dalum-poirUf  or  principal  bench  mark,  on  land,  to  which  the  levels 
are  referred,  and  a  sufficient  number  of  other  bench  marks,  whose 
elevations  relatively  to  the  principal  bench  marks  are  to  be  found 
by  the  ordinary  process  of  levelling. 

For  nautical  purposes  the  dattm^swrfacey  relatively  to  which  the 
levels  of  the  bottom  are  stated,  is  the  average  lotv-water-ma/rk  of 
ffpring  tides;  and  the  same  datum-surface,  when  it  is  sensibly  hori- 
zontal, will  answer  for  an  engineering  survey;  but  on  the  sea-coast, 
when  the  survey  is  extensive,  and  in  the  channel^  of  rivers,  the 
low-water  of  spring  tides  is  not  a  horizontal  surface;  .and  in  such 
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caseo,  the  levels  for  engineering  purposes  must  be  reckoned  from  an 
arbitrary  horizontal  surface,  as  in  sections  on  land. 

73.  TMe-OaHCM.— The  successive  levels  of  the  sur&ce  of  the 
water  must  be  observed  and  recorded  from  time  to  time,  as  well  for 
their  own  importance  as  because  the  levels  of  the  bottom  are 
ascertained  by  sounding,  and  in  order  to  reduce  the  latter  levels  to 
a  common  datum  the  variations  of  the  level  of  the  surface  of  the 
water  must  be  known. 

The  tide-gauges  used  for  this  purpose,  when  of  the  simplest  kind, 
are  posts  set  exactly  upright,  and  having  scales  of  feet  and  tenths 
of  feet  marked  upon  tJiem,  numbered  from  the  bottom  upwards. 
They  must  be  fixed  and  stayed  in  such  a  manner  as  to  be  capable 
of  resisting  the  waves.  Sometimes  the  whole  rise  and  fall  of  the 
tide  at  a  given  place  may  be  observed  on  one  post;  but  in  general 
the  slope  of  the  beach  makes  it  necessary  to  have  a  row  of  posts 
extendmg  from  low-water-mark  to  high-water-mark,  and  forming, 
in  fact,  one  tide-gauge,  divided  into  several  stages  or  steps.  The 
lowest  mark  on  the  lowest  post  of  the  row  is  the  zero  of  the  tide- 
^uge:  its  level  shoidd  be  ascertained  relatively  to  the  nearest 
bench  mark  on  land  by  levelling.  It  will  form  the  commence- 
ment of  a  scale  of  feet  and  tenths,  numbered  upwards.  The  lowest 
mark  on  the  second  post  must  be  made  at  a  point  adjusted  by 
levelling  to  the  same  level  with  the  highest  mark  on  the  first  poet, 
and  marked  with  the  same  number,  and  so  on;  so  that  the  marks 
on  the  entire  row  of  posts  may  form  one  continuous  scale  of  heights 
above  the  zero-mark. 

The  number  of  different  tide-gauges  required,  and  the  places 
where  they  are  to  be  erected,  will  be  fixed  by  the  engineer  to  the 
best  of  his  judgment,  so  as  to  give  the  means  of  determining  the 
figure  of  the  surfiEu^e  of  the  water  at  any  given  instant.  They  must 
be  more  numerous,  the  more  the  surface  of  the  water  at  each 
instant  deviates  from  a  horizontal  form.  Such  deviation  always 
exists  in  river  channels;  and  in  them,  and  also  in  estuaries,  and  on 
the  coast,  its  existence  and  extent  are  indicated  by  differences  in 
the  time  of  high  and  low* water,  and  in  the  extent  of  rise  and  fall 
of  the  tide.  Even  when  those  deviations  are  not  practically  appre- 
ciable, it  is  desirable  to  have  two  tide-gauges  at  points  distant  from 
each  other,  in  order  that  the  two  series  of  observations  may  check 
each  other. 

The  observers  of  the  tide-gauges  should  be  trustworthy  and 
intelligent  persons,  provided  with  watches,  which  should  be  com- 
pared every  day  with  that  of  the  principal  surveyor. 

For  the  purpose  of  reducing  soundings  only,  it  is  in  general 
sufficient  to  observe  each  tide-gauge  at  each  quarter  of  an  hour. 
When  it  is  desired  also  to  ascertain  the  laws  of  the  tide  at  the 
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locality,  it  18  better  to  observe  the  height  on  the  tide-gauge  at  each 
tea  minatesy  for  an  hour  before  and  an  hour  after  high  and  low- 
water^  and  at  each  half-hour  during  the  remainder  of  the  day. 

For  engineering  purposes,  the  tide-gauges  already  described, 
oonmsting  of  simple  posts,  are  in  general  sufficient;  because  when 
the  water  is  smooth  enough  to  take  accurate  soundings,  it  is 
smooth  enough  to  enable  the  observer  of  the  tide-gauge  to  estimate 
the  mean  level  between  the  crests  and  troughs  of  the  wavea 

When  more  exact  observations  are  requii^,  the  tide-gauge 
should  consist  of  an  upright  tube,  communicating  with  the  water 
outside  through  a  few  small  holes  only,  and  having  in  it  a  float 
with  a  graduated  upright  stem,  tall  enough  to  be  visible  above  the 
top  of  Uie  tube. 

^  In' a  self-r^pstering  tide-gauge,  such  a  float  acts  through  a  chain 
or  cord  on  a  train  of  mechanism,  and  moves  a  pencil  up  or  down, 
which  marks  a  line  on  a  paper-covered  cylinder  turned  by  clock- 
work.  (Airy  On  Tides  and  Waves,) 

The  observations  at  the  tide-gauges  having  been  copied  from  the 
ol»ervers*  books  into  one  book,  are  to  be  reduced  to  the  datum  of 
the  survey  by  the  aid  of  the  known  levels  of  the  zero-marks  of  the 
tide-gauges  relatively  to  that  datum. 

The  mean  of  all  the  reduced  observations  of  the  tide-gauges  taken 
daring  one  or  more  entire  "  lunations,'*  or  revolutions  of  the  moon, 
gives  the  Tftean  levd  of  the  eea^  which  is  a  truly  horizontal  sur- 
face 

Further  remarks  on  the  tides  will  be  made  in  the  sequel 

74.  iNtMBirfBteg  mimaimwtm  mMmmv — In  fig.  53,  let  D  represent  the 
position  at  a  given  instant  of  a  point  in  a  boat,  which  is  to  be 
determined. 

This  is  done  by  measnrin  g  n^ — ^ 

with  the  sextant  in  the  boat  /^^^^T\  ""^v\ 
the  angles  between  three  known  //  (  \  \  \) 
objects  on  land.  A,  B,  C.  ^>-.^  \  \  /  ^.^\ 

To  diminish  or  prevent  the     /    ^^^^^^^^'^''^'^y  •  '*^^^T'~~7^ 

errors  that  would  arise  from  the    I  ^ l  /\\l/7  \ 

boat's  shifdng  its  position  while     \  /    I  \  */    / 

Wangles  are  being  measured,       \  /       \\/  y 

the  surveyor  should  have  three  ""---..*,--'''  ^^m"^"^^ 

sextants,  if  possible,  wiik  which  yjg  53  Fig,  54.  t 

be  should  take  the  angles  A  D  B, 

fi  B  C,  A  D  C,  in  rapid  succession,  reading  them  off  at  leisure 
afterwards.  The  angle  ADC,  which  should  be  the  sum  of  the 
other  two,  serves  as  a  check  upon  their  accuracy. 

Care  should  be  taken  that  the  four  points.  A,  B,  C,  D,  do  not  lie 
in  or  near  the  circumference  of  one  circle;  for  in  that  case  the 
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observations  would  leave  the  position  of  D  indeterminate,  as  will 
presently  be  explained. 

There  are  different  methods  of  plotting  the  position  of  D  on  the 
plan. 

Method  I. — By  Tux>  intersecting  Cirdes. — To  draw  through 
two  points,  as  A  and  B,  fig.  54,  a  circle  which  shall  contain 
a  given  angle;  that  is  to  say,  a  circle  such  that  from  any  point 
in  its  circumference,  as  H,  the  arc  A  B  shall  subtend  an  angle 
A  H  B  equal  to  the  given  angle,  draw  through  A  and  B  the 
straight  lines  A  G,  B  G,  making  with  the  straight  line  A  B  the 
angles  B  A  G,  A  B  G,  each  equal  to  the  complement  of  the  given 
angle;  the  intersection  of  those  lines  G  will  be  the  centre  of  the 
circle  required. 

Let  fig.  53  now  represent  the  plan,  and  A,  B,  C,  the  positions  of 
the  three  landmarks  as  plotted  on  it;  through  A  and  B  draw  a 
circle  containing  the  observed  angle  A  D  B;  through  B  and  0 
draw  a  circle  containing  the  observed  angle  B  D  C;  those  circles 
will  give  by  their  intersection  the  point  D  on  the  plan : — ^unless  they 
should  happen  to  coincide  with  each  other  and  with  the  dotted 
circle  A  B  0  £,  when  the  point  D  may  be  anywhere  in  that  dotted 
circle,  and  cannot  be  plotted  from  the  observations  taken.  Should 
D  lie  near  the  dotted  circle,  the  two  intersecting  circles  will  cut 
each  other  at  too  acute  an  angle,  like  the  sides  of  an  ill-conditioned 
triangle;  and  the  plotted  position  of  D  will  be  liable  to  inaccuracy. 
Method  II. — By  the  intersection  of  a  Circle  and  a  Straight  Line, — 
From  A  draw  A  E,  making  the  angle  C  A  E 
=r  C  D  B:  from  C  draw  C  E,  making  the 
angle  A  C  E  =  A  D  B,  and  cutting  A  E  in 
E :  through  the  three  points  A,  C,  E,  describe 
a  circle:  through  E  and  B  draw  a  straight 
line  cutting  the  circle  in  D;  D  will  be  the 
required  2K)int  on  the  plan. 

The  two  preceding  methods  are  both  too 
^  tedious  for  ordinary  use,  and  the  two  foUow- 

Fig.  65.  ing  are  almost  always  employed  instead. 

Method  III. — By  a  Piece  ofTra^iing-paper, — On  a  piece  of  tracing 
paper  draw  three  sti*aight  lines  radiating  from  one  point  so  as  to 
make  with  each  other  angles  equal  to  A  D  B  and  B  D  C.  Lay  it 
on  the  plan,  and  shift  it  about  till  the  three  lines  traverse  A,  B,  and 
0  respectively;  the  point  from  which  they  diverge  being  pricked 
through  on  the  plan,  will  give  the  position  of  D. 

Method  IV. — By  the  Station-pointer. — This  is  an  instrument 
consisting  of  three  long  fiat  arms  turning  about  one  centre,  and 
having  straight  fiducial  edges  diverging  from  that  centre.  Fixed 
to  the  middle  arm  is  a  graduated  circular  arc,  and  fixed  to  the  side 
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arms,  two  indexes  with  vernien,  by  means  of  which  those  arms  can 
be  set  so  as  to  make  any  required  pair  of  angles  with  the  middle 
arm.  The  arms  being  set  so  as  to  form  the  angles  A  D  B,  B  D  C, 
the  instroment  is  laid  on  the  plan  and  shifted  about  until  the 
three  fiducial  edges  traverse  the  points  representing  the  three  land- 
marks respectively.  The  centre  of  the  instrument  will  then  be 
over  the  required  point  D,  which  is  marked  by  means  of  a  pricker 
that  passes  through  a  hole  in  the  centre  of  the  instrument;  or 
otherwise,  three  pencil  lines  may  be  drawn  along  the  fiducial  edges 
of  the  arms,  and  produced  after  the  instrument  has  been  lifted 
off  the  paper;  when  their  intersection  will  give  the  required 
point. 

Three  landmarks  are  aU  that  are  absolutely  necessary  to 
determine  the  position  of  a  station  afloat ;  but  when  the  station  is 
an  important  one,  the  surveyor,  for  the  purpose  of  verification, 
should  measure  angles  to  additional  known  objects.* 

Where  a  sufficient  number  of  objects  on  land  are  not  visible,  the 
positions  of  stations  afloat  may  be  determined  by  taking  angles  to 
previously  determined  stations  afloat  which  are  marked  by  buoys, 
or  at  which  boats  with  flags  are  moored;  but  thLs  method  is  want- 
ing in  precision,  and  objects  on  laud  are  always  to  be  preferred 
when  they  can  be  seen. 

75.  iiMiMUa«s  wid  licreik — The  instrument  generally  employed 
for  taking  soundings  for  nautical  purposes  is  the  lead-line,  a  tough, 
hard,  and  flexible  cord,  loaded  with  a  conical  lead  weight,  and 
divided  into  fathoms.  For  engineering  purposes,  where  the  depth 
does  not  exceed  about  100  feet,  a  chain  is  used.  In  shallow  water, 
the  best  instrument  is  a  rod,  divided  into  feet  and  tenths,  and  loaded 
at  the  lower  end. 

The  sounding-lead  is  '*  armed"  with  a  lump  of  tallow  in  a  hollow 
at  its  lower  end,  by  which,  when  the  material  of  the  bottom  is 
loose,  specimens  of  it  are  brought  up.  When  the  material  is  of  a 
firmer  texture,  a  specimen  may  be  brought  up  by  dropping  a  heavy 
iron  pike,  jagged  and  barbed  at  the  lower  end,  called  a  '^  plunger," 
and  hauling  it  up  again  by  a  rope;  or  the  nature  of  the  bottom 

*  The  distances  of  the  sUtion  from  two  of  the  landmarks  might  be  calcnlated  by 
the  roles  of  plane  trigoDometiy  and  plotted;  bat  the  procese  is  too  tedious  for  ordinary 
use.    The  following  are  the  steps  of  which  it  consists  (Me  fig.  55) : — 

In  the  triangle  A  £  C,  giyen  A  C,  and  the  angles  £  A  C  (=  B  D  C)  and  A  C  £ 
(=  A  D  B),  calcnUte  A  £  and  G  E. 

In  the  triangle  A  B  £,  given  A  B,  A  £,  and  .c:l.  B  A  £  (=  B  D  C  —  B  A  C), 
calculate  .^^  A  £  B. 

In  the  triangle  B  E  C,  given  BC,  G£,and..£:lBC£(=ADB^BCA), 
calcniate  .^n..  B  E  C. 

In  the  triangle  A  D  £,  given  A  £  and  the  angles,  calculate  A  D. 

In  the  triangle  D  £  C,  given  C  £  and  the  angles,  calculate  G  D. 
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may  be  ascertained  by  boring,  or  by  diving — operations  which  will 
be  again  referred  to  farther  on. 

Soundings  for  nautical  purposes  are  noted,  and  written  on  the 
plan,  in  fathoms  of  six  feet,  and  half  and  quarter  fathoms ;  those 
for  engineering  purposes,  in  feet  and  decimals,  or  feet  and  inches. 

The  levels  of  ihe  bottom  are  ascertained  by  taking  several  series  of 
soundings  along  straight  lines,  in  such  positions  as  the  engineer 
judges  to  be  best  In  general,  the  position  of  those  lines  is  nearly 
that  of  the  lines  of  steepest  declivi^  of  the  bottom,  and  nearly  at 
right  angles  to  the  coast 

As  each  sounding  is  taken,  the  surveyor  notes  the  time,  the 
depth,  and  the  position. 

The  following  are  two  methods  of  determining  the  positions  of 
soundings : — 

Method  L — Bif  a  Series  of  Angles. — In  fig.  56,  A  and  B  repre- 
sent two  known  objects,  in  a  straight  line  with  which 
a  set  of  soundings  are  to  be  taken;  G  is  a  third 
known  object  lying  at  a  sufficient  distance  to  one  side 
of  the  line  A  B.     The  boat  is  rowed  along  the  straight 
line  B  E,  either  directly  towards  or  directly  from  B. 
The  surveyor  sees  that  the  boatmen  keep  B  and  A 
exactly  in  one  straight  line;   and  the  instant  that 
each  sounding  is  taken,  he  measures  with  a  sextant 
the  angle  which  the  direction  of  C  makes  with  the 
line;     For  example,  if  1,  2, 3,  4,  Ac,  are  points  where 
*^*     '        soundings  are  taken,  the  angles  to  be  measured  at 
those  points  are  B  1  C,  B  2  0,  B  3  C,  B  4  C,  <kc     The  position  of 
C  should  be  so  chosen  that  the  most  acute  of  those  angles  may  be 
30°  or  somewhat  greater. 

To  plot  the  positions  found  by  this  method,  draw  through  C  on 
the  plan  the  straight  line  F  0  D  parallel  to  A  B  E,  and  lay  off  the 
angles  D  C  1  =  B  1  C,  D  C  2  =  B  2  C,  &c. :  the  intersections  of 
the  lines  C  1,  0  2,  Ac.,  with  B  E,  will  give  the  points  required. 

Method  II. — By  two  St<Uums  and  an  uniform  speed  of  Eawing. — 
In  Fig.  57,  A  represents  a  known  object  on  which  the  line  of 
soundings  is  to  run.  The  surveyor  determines 
the  position  of  (B  or  C)  the  commencement  of  the 
line  by  three  angles  taken  between  known  objects; 
the  rowei-8  then  row  as  steadily  as  possible  at  an 
uniform  speed  in  a  straight  Ime  directly  from  or 
directly  towards  A.  Soundings  are  taken  at  equal 
J::  intervals  of  time;  and  when  the  line  has  been 

^"^  carried  fer  enough,  the  surveyor  determines  the 

position  of  its  termination  (0  or  B)  by  three  angles 
Fig.  67.  taken  between  known  objects. 
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In  plotting  a  line  of  soimdings  bo  taken,  its  two  ends  B  and  C 
are  laid  down  by  means  of  the  station-pointer :  the  straight  line 
B  0  is  drawn,  and  divided  into  as  many  equal  parts  as  there  were 
equal  intervals  of  time  between  the  soundings  from  the  b^inning 
to  the  end  of  the  line;  and  thus  the  intermediate  points,  1,  2,  3, 
^c,  are  found. 

A  line  of  soundings  may  often  be  conveniently  prolonged  on  the 
higher  parts  of  the  beach  by  ordinary  levelling.  In  fact,  levelling 
should  be  used  wherever  it  is  practicable,  being  the  more  accurate 
operation. 

76.  The  Mgjwcti—  w  »—■ dt«g»  to  the  datum  of  the  survey  is 
made  hy  taking  the  difference  between  each  sounding  and  the  height 
of  the  water  above  that  datum  at  the  instant  when  the  sounding- 
was  taken,  as  found  by  examination  of  or  interpolation  in  the 
register  of  the  tides.  If  the  sounding  is  the  greater,  that  difference 
is  a  depth  below  the  datum, — if  the  less,  a  height  above  the  datum. 
(As  to  what  that  datum  is,  see  Article  71).  When  the  datum  is 
the  mean  low-water-level  of  spring  tides,  the  latter  class  of  reduced 
soundings  are  said  to  he  dry^  and  are  distinguished  in  the  register 
and  on  the  plan  by  a  score  beneath  the  figurea 

To  reduce  soundings  by  calculation,  in  the  absence  of  direct 
observations  of  the  tide,  it  is  necessary  to  know  the  rise  of  the  tide 
above  the  mean  water-level,  and  the  time  of  high-water,  for  the  tide 
dining  which  the  soundings  were  made,  and  the  duraitUm  of  that 
tide,  or  interval  of  time  between  high-water  and  low-water  (which 
on  an  average,  is  about  six  hours  twelve  nunutes,  but  varies  con- 
siderably at  different  times  and  places). 

Let  H  be  the  height  of  the  mean  water-level  above  the  datum : — 

r,  the  rise  of  the  tide  above  the  mean  water-level  j 

D,  the  duration  of  the  tide; 

t,  the  time  before  or  after  high- water  at  which  a  given  sounding 
is  taken; 

A,  the  height  of  the  surface  of  the  water  above  the  datum  at  that 
instant^  being  the  quantity  to  be  subtracted  from  the  sounding. 

Then  A  =  H  +  r-oo8l80»^; (1.) 

in  using  which  formula  it  is  to  be  remembered  that  oosimea  of 
okme  angles  are  negoHve. 

77.  liisM  m€  K«aal  Vcyth  are  analogous  to  contour-lines  on  land 
(see  p.  9d),  being  contour-lines  of  the  bottom  of  the  sea  sketched  on 
the  plan  so  as  to  pass  through  those  points  ^where  the  reduced 
soundings  are  equal.  It  is  customary  to  mark  the  line  of  one 
fathom  soundings  by  single  dots,  of  two  fathoms  by  dots  in  pairs, 
of  three  fiithoms  by  dots  in  tripletB,  and  so  on. 
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The  nrii^  and  ij*w^Waiei^niarks  of  average  spring  tides,  which 
should  be  drawn  on  the  plan,  are  also  analogous  to  contour-lines. 

78.  CurvMita— WairM.>-The  directions  and  velocities  of  tidal 
currents  should  be  noted  by  the  surveyor,  and  marked  on  the  plan 
by  arrows;  each  arrow  having  figures  beside  it  denoting  the  speed 
of  the  current  in  nautical  miles  an  hour,  and  the  time  after  the 
moon's  transit  at  which  it  prevaila  Flood-currents  are  denoted  by 
feathered  arrows;  ebb-currents  by  unfeathered  arrows. 

The  direction  of  the  current  which  runs  past  a  moored  vessel 
may  be  ascertained  by  dropping  some  floating  body  into  it,  and 
observing  the  angle  which  the  direction  of  motion  of  that  body 
makes  with  the  direction  of  some  known  object.  The  velocity  may 
be  found  by  means  of  Massey's  Log,  an  instrument  in  which  the 
rotations  of  a  fan  driven  by  the  current  are  registered  by  wheel-work. 

The  direction  and  velocity  of  a  current  may  also  be  determined 
by  setting  a  light  deal  pole,  having  a  weight  at  the  lower  end,  to 
float  upright  in  it,  and  taking  simultaneous  angles  to  that  object 
from  two  known  stations.  This  must  be  done  by  two  observers, 
who  should  take  special  care  to  make  their  angular  measurements 
exactly  at  the  same  instants  of  time. 

The  usual  directions  and  velocities  of  waves  should  be  ascertained 
and  noted,  and  also  the  greatest  height  from  the  crest  to  the  trough 
of  a  wave. 

79.  ]nUM»lUiHe«m  infMraiaU^M  •m  Pkuo.— Besides  the  soundings, 
levels,  currents,  and  other  information  already  mentioned,  the  plan 
of  a  marine  survey  for  engineering  purposes  should  shpw  at  different 
points  the  material  of  the  bottom,  by  such  abbreviations  as  r.  for 
rock,  8t.  for  stones,  s,  for  sand,  m.  for  mud,  <ka,  and  by  references 
to  borings  and  examinations  by  diving,  where  such  have  been 
made.  It  should  also  show  all  lighthouses,  beacons^  buoys,  fixed 
moorings,  &c, 

80.  Taklag  JJtIladea  by  tlie  SexlaMt— IMp  •f  tlie  IIorlxoii.~WheQ 
the  altitude  of  an  object  is  taken  at  sea  by  measuring  with  a  sex- 
tant its  angular  elevation  above  the  visible  sea-horizon,  a  correction 
must  be  made  by  subtracting  the  dip  of  that  horizon — ^that  is,  its 
apparent  angular  depression  below  a  truly  horizontal  line  traversing 
the  eye  of  the  observer.  The  amount  of  that  depression  is  un- 
certain, owing  to  the  variable  relractive  power  of  the  atmosphere; 
but  on  an  average,  it  is  given  approximately  by  the  following 
formula,  in  which  /*  denotes  the  height  of  the  observer's  eye  above . 
the  sea,  and  r  the  radius  of  curvature  of  the  surface  of  the  sea. 

Dip  in  seconds  =  j^  x  206264"- 8  \/  ^^^* 

=  57"-4^/Ainfeet.  (1.) 
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CHAPTER  VIL 
OF  coPTnra,  enlaboikg,  and  reduciko  plans. 


81.  Tndiis  upon  a  sheet  of  thin  semi-transparent  paper,  laid 
smoothly  on  the  original  drawing,  is  the  most  accurate  method  of 
obtaining  a  copy  of  a  plan  on  the  same  scale  with  the  original 
By  using  a  drawing  table  made  of  stroi^  plate-glass,  called  the 
"copying-glass,"  with  a  sloping  mirror  below,  if  necessary,  to 
reflect  l^t  through  it,  a  tracing  may  be  made  on  drawing  paper 
of  ordinajy  thickness,  provided  the  original  is  not  mounted  on 
dotk 

When  a  tracing  has  been  made  on  thin  paper,  other  copies  can 
be  made  on  thick  paper  by  rubbing  the  lower  side  of  the  tracing 
with  black-lead,  or  putting  a  sheet  of  black-leaded  paper  below  it, 
laying  it  on  the  thick  paper,  and  passing  a  smooth  pointed  instru- 
ment along  all  the  outlines  of  the  tracing.  The  new  copy  has  then 
to  be  drawn  in  ink  and  finished. 

PrickiiiS  Thrmm^  is  applicable  to  plans  in  which  the  out- 
lines consist  chiefly  of  straight  lines,  and  damage  to  the  original 
plan  is  unimportant 

82.  EagmTlaf«¥jflli«gnipkla9,widPrlatiaff.— When  apian  is  to 
be  engraved  on  copper,  a  tracing  of  it  is  placed  on  the  copper  plate, 
&oe  downwards,  and  the  outlines  scratched  on  the  copper  with  a 
point  which  cuts  through  the  tracing.  The  impressions  ^m  copper 
plates,  being  printed  on  damp  paper,  shrink  when  they  dry,  to  an 
extent  which  varies  from  1 -400th  to  l-200th  of  the  original  dimen- 
sions. AH  measurements,  therefore,  on  printed  plans  should  be 
made  by  means  of  the  scale  engraved  along  with  the  plan,  and 
every  sheet  should  have  a  scale  upon  it.  The  shrinking  is  some- 
times slightly  different  lengthwise  and  breadthwise.  As  to  the 
effect  of  ^is  on  sections,  see  Article  54,  p.  90. 

Where  great  accuracy  is  required  in  engraved  plans  (as  in  those 
of  the  ordnance  survey),  the  principal  stations  are  plotted  on  the 
copper,  and  the  details  only  laid  down  on  it  by  tracing. 

In  lithographing  plans,  the  usual  process  is  to  make  a  copy 
on  '^  transfer  paper "  by  the  aiid  of  a  tracii^  on  thin  paper,  as 
already  described  in  the  preceding  Article.  The  copy  so  made  is 
drawn  and  finished  with  lithographic  ink,  laid  &ce  downwards  on 
a  stone^  and  transferred  to  the  stone  by  the  proper  process.     The 


126  EXQINISEBIKO  GEODESY. 

transfer  paper  being  damp  during  that  process,  expands  to  a  certain 
extent,  so  that  the  drawing  on  the  stone  is  somewhat  larger  than 
the  original;  and  this  expansion  is  to  a  certain  extent  counteracted 
by  the  shrinking  of  the  paper  on  which  the  impressions  are  printed ; 
so  that  the  impressions  may  be  slightly  larger  or  smaller  than  the 
original  in  a  proportion  which  it  is  difScult  to  assign  with  preci- 
sion. As  with  engiuved  plans,  each  sheet  should  have  its  own  scale, 
by  means  of  whid^  all  measurements  upon  it  should  be  made. 

83.  Bedncing  Drawisgs  hy  Hand  is  performed,  in  the  case  of 
plans,  by  forming  triangles  to  connect  the  stations  and  other  prin- 
cipal points  on  the  original,  measuring  their  sides,  and  plotting 
them  on  a  smaller  scale  on  the  reduced  plan.  The  details  may  be 
reduced  by  covering  the  original  with  a  network  of  squares,  and 
the  reduced  copy  witii  a  network  of  squares  having  their  sides 
smaller  than  those  of  the  original  squares  in  the  proportion  in 
which  the  plan  is  to  be  reduced,  and  sketching  the  details  on  the 
reduced  copy  in  their  proper  places  by  the  aid  of  those  squares  to 
guide  the  eye  and  hand. 

In  the  case  of  sections,  reducing  by  hand  is  best  performed  by 
plotting  the  section  anew  on  the  smaller  scale; 

84.  Kcdnctaf  DrawiBga  hf  JKLeehmmiam  is  performed  by  means  of 
instruments  called  the  "  Pantograph  "  and  the  "  Mdograpk"  In 
each  of  those  instruments  a  tracing-point  is  made  to  travel  over  the 
outlines  of  the  original  drawing;  a  pencU  is  so  connected  with  the 
tracing-point  that  it  is  always  in  a  straight  line  with  the  tracing- 
point,  and  with  a  fixed  centre,  and  always  at  a  distance  from  that 
centre  bearing  a  given  constant  ratio  to  the  distance  of  the  tracing- 
point  from  that  centre;  and  that  pencil  draws  the  outlines  of  a 
copy  of  the  drawing  i-educed  in  the  given  ratio. 

Fig.  58  is  a  skeleton  sketch  of  the  Pantograph.  F  D,  D  B, 
E  G,  and  G  0  are  four  flat  bars,  jointed  to  each  other  at  E,  D,  0, 
and  G,  so  that  GE  =  E  D  =  D  C  =  C  G,  and  the 
figure  G  E  D  0  is  always  an  exact  rhombus,  its 
opposite  sides  being  parallel,  and  all  of  them  equaL 
Those  bars  are  supported  by  ivory  castors,  which 
run  on  the  paper  or  on  the  drawing-board.  T  is 
the  tracing  point  A  is  the  fixed  centre,  having 
a  heavy  foot,  which  rests  on  the  paper  or  the 
drawing-board.  On  its  vertical  spindle  turns 
^'8-^^'  a  socket  through  which  the  bar  E  G  can  be 

slid  to  any  required  position,  and  fixed  there  by  a  clamp-screw. 
P  is  a  square  socket,  sliding  on  the  bar  D  F,  on  which  it  can  be 
fixed  in  any  required  position;  the  pencil  is  carried  by  it.  The 
pencil  is  loaded  on  the  top  with  weights,  which  press  its  point 
against  the  paper;  it  can  be  lifted  off  the  paper  when  required  by 
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palling  a  stxing.  The  dotted  line  PAT  represents  the  imaginaiy 
stmight  line  in  ^which  the  pencil,  the  centre,  and  the  tracing  point 
ought  to  be  situated.  The  hars  G  E  and  £  F  have  scales  marked 
on  them,  aho^wing  the  proper  positions  of  the  sliders  for  reducing 
drawings  in  various  proportions.  Let  1  :  n  be  the  proportion  in 
which  the  plan  is  to  be  reduced;  so  that — 

»  :  1  :  :  T  A  :  AP; (1.) 

then 

n  :  1  :  :  DE  :  E  P; (2.) 

and 

n  +  1  :  1  :  :DT  :  EA (3.) 


The  ■Mtocrark  is  represented  bj  the  skeleton  sketch,  jfig.  60. 
A  is  its  fixed  centre^  with  a  heavy  leaden  foot  On  the  spindle 
of  this  centre  tarns  a  square  socket,  through  which  slides  the 
bar  D  E,  which  can  be  damped  in  any  required  position.  At  the 
ends  of  that  bar  are  two  pulleys,  D  and  E,  exactly  equal  in 
<hameter,  and   connected  by  means  of  a  p 

thru  steel  belt.      F  and  G  are  screws  for  y^^^  y  c 

adjusting  the  lengths  of  the  two  divisions         °{/9(T)5        f/ji 
of  that  belt,  so  as  to  make  the  rods  B  P         /     ^^'&      r 
and  T  C  exactly  parallel     These  rods  slide      /  \     / 

through  square    sockets    carried    by    the  ^/  V 

pulleys,  and  having  clamp^screws.     T  is  the  *^ 

tracing-point,  P  the  pencil,  and  T  A  P  the  ^-  *®- 

imaginary  staiugbt  line  in  which  the  pencil,  centre,  and  tracing-point 
should  always  be. 

Let  1 :  n  as  before  be  the  ratio  of  reduction ;  then  the  proper 
positions  of  the  sockets  are  given  by  the  formulae — 

w:l::  AE:AD;  ET=AE;  D  P  =  A  D.  ...  (4.) 

Each  bar  has  a  scale  of  200  equal  parts  on  it,  with  0  marked  at 
the  middle  of  its  length,  and  numbered  to  100  each  way.  These 
scales  are  subdivided  by  the  aid  of  verniers  on  the  sockets. 
When  the  instrument  is  correctly  adjusted,  each  socket  is  at  the 
same  distance  from  the  middle  of  its  bar;  and  that  distance,  in 
divisions  of  the  scale,  is  found  by  the  following  formula : — 

^=:100,^^^J (5.) 

n+1  ^   ' 

The  best  test  of  the  accuracy  of  the  adjustments  of  the  Panto- 
graph and  Eidograph  is  to  draw  the  tracing-point  T  for  a  certain 
distence  along  tibe  edge  of  a  flat  straight-edged  ruler;  when  the 
pencil  P  ought  to  draw  an  exactly  straight  line,  of  a  length  bearing 
the  proper  proportion  to  the  length  of  tihe  original  lin& 
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85.  Eaiarfiav  Piaa*  may  be  performed  by  hand^  in  the  same 
manner  with  reducing;  and  with  the  Pantograph  or  Eidograph,  by 
adjusting  either  of  tiiose  instruments  so  that  the  pencil  shall  be 
further  from  the  centre  than  the  tracing-point  is.  This,  however, 
is  an  operation  which  is  not  capable  of  accuracy,  except  when  the 
ratio  of  enlargement  does  not  much  exceed  that  of  equality. 

86.  RedaciBg  l>niwiMss  by  Phot^gnipiiy  is  the  method  employed 
in  reducing  the  large  plans  of  the  ordnance  survey,  drawn  on  a 

scale  of  „^„^,  to  the  scale  of  six  inches  to  a  mila     The  details  of 

the  plans  so  reduced  are  afterwards  traced  on  the  copper  plates,  on 
which  the  stations  have  been  previously  plotted  by  the  lengths  of 
the  sides  of  the  triangles.  A  process  of  transferring  the  reduced 
outlines  to  copper,  zinc,  or  stone,  without  tracing,  has  lately  been 
introduced.  See  the  Report  on  the  Progress  of  the  Ordnance 
Survey y  by  Colonel  Sir  Heniy  James,  RR 


Supplement  to  Chafteb  III.,  Article  40. 

86  A.  IK«dacUott  of  Angles  ••  the  Centte  of  the  Staaea. — It  some- 
times happens  that  the  theodolite  cannot  be  planted  exactly  at  a 
station  in  a  trigonometrical  survey;  but 
has  to  be  placed  at  a  short  distance  to 
one  side  of  it  In  such  cases,  the  angle 
actually  measured  between  two  objects  is 
reduced  to  the  angle  vhich  would  have 
been  measured,  had  the  theodolite  been 
exactly  at  the  station,  by  a  correction 
"iT  which  is  calculated  approximately  as  fol- 

Fig.  59 A.  lows:— 

In  ^g,  59  A,  let  C  be  the  station,  D  the  position  of  the  theodolite, 
A  and  B  two  objects;  A  D  B  tlie  horizontal  angle  between  them 
as  measured  at  Dj  A  C  B  the  required  horizontal  angle  at  the 
station  C. 

Measure  C  D,  and  the  angle  ADO;  calculate  A  0  and  O  B 
approximately  as  if  A  C  B  were  equal  to  A  D  B;  then 

ACB  =  ADB-206264''.8  CD  |^5ADC_8inBDC|  ^^  ^ 

The  above  formula  gives  the  correction  in  seconds  when  D  lies 
to  the  right  of  both  C  A  and  C  B.  When  it  lies  to  the  left  of 
0  B,  sin  B  D  0  changes  its  sign;  when  to  the  left  of  G  A,  sin 
ADC  changes  its  sign. 
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SupPLEMEOT  TO  Chafteb  ITL,  Asticls  42,  DnriBioir  IV., 
Paqk  73. 


86  a  AiwariCTi  MmttmeUmm — The  refracting  action  of  the 
atmosphere  causes  the  altitudes  of  the  stars  to  appear  greater  than 
thej  leally  are.  The  correction  for  refraction,  tiierefore,  is  alwajs 
to  be  subtracted  frrom  an  altitude.  Its  value  may  be  found  in 
aeoonds  approximately  by  the  following  formula : — 

Refraction  =  58f  x  cotan  apparent  altituda 

For  more  exact  information  on  the  subject,  see  a  paper  by  the 
■Rer.  Dr.  Eobinson  in  the  Tra7i8€u:iton8  of  the  Royal  triJi  Academy ^ 
vol.  lix.  Tables  of  Kefraction  are  given  in  treatises  on  Navigation, 
sack  as  Raper's. 

It  is  to  be  borne  in  mind,  that  below  about  8°  or  \(f  of  altitude 
the  changeable  condition  of  the  atmosphere  makes  the  correction 
for  refraction  very  uncertain. 

86.  G.    T*  mmA  lh«  IjmMUmSm  •f  s  Ptace. 

Mfthod  I. — By  the  Mean  AUUude  of  a  Circumpol<»r  Star, — ^Take 
the  altitudes  of  a  drcumpolar  star  at  its  upper  and  lower  culmination 
(which  positions  are  known  by  watching  for  the  instants  when  the 
altitude  is  greatest  and  least).  From  each  of  those  appcnwU  alti- 
tades  subtract  the  correction  for  refraction;  the  mean  of  the  true 
altitudes  thus  found  is  the  latitude  o(  the  place. 

Method  II. — By  One  Mendiam,  AUUude  of  a  Star, — Observe  the 
meridian  altitude  of  a  star  by  watching  for  the  instant  when  its 
altitude  is  greatest  or  least,  and  subtract  the  corrections  for 
refraction,  and  also  for  dip,  if  necessary.  The  complement  of  the 
true  altitude  is  the  zenith  distance.  Find  the  declination  of  the 
star  from  the  Na/utical  Ahnamac  (which  is  published  four  years  in 
advance.)* 

Then  if  the  star  is  between  the  zenith  and  the  equator. 

Latitude  =  Zenith  distance  +  Declination ; (1.) 

If  the  star  is  between  the  equator  and  the  horizon. 

Latitude  =  Zenith  distance —  Declination; (2.) 

If  ihe  star  is  between  the  zenith  and  the  elevated  pole, 

Latitude  =  Declination  —  Zenith  distance; (3.) 

^  Tbe  Polar  Diatanoes,  or  compleiiifliiSs  of  the  decliiuUioDS,  of  a  few  stan,  are 
gWen  at  p.  73. 

K 
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If  the  star  is  between  the  elevated  pole  and  the  horizon^ 

Latitude  =  180°  —  Declination  —  Zenith  distance. . . .  (4.) 

Method  III. — By  the  Sun's  Meridian  AUU%ide. — In  this  method 
the  £nal  calculation,  from  the  sun's  declination,  as  found  in  the 
Nautical  Almanac,  and  the  true  altitude  of  his  centre,  is  the  same 
as  in  Method  II.  But  besides  the  correction  for  refraction  and 
dip,  the  altitude  requires  to  be  further  corrected  by  subtracting  or 
adding  the  sun's  semidiameter,  according  as  his  upper  or  lower 
limb  has  been  observed,  and  by  adding  the  sun's  parallax,  being 
the  angle  subtended  at  the  sun  by  the  distance  between  the  earth's 
centre  and  the  place  of  observation. 

To  find  the  correction  for  parallax,  find  the  sun's  horizontal 
parallax  on  the  day  of  observation,  from  the  Na/utical  Almamac,  and 
multiply  it  by  the  cosine  of  the  altitude  of  the  sun's  centre. 

(The  mean  value  of  the  sun's  horizontal  parallax  is  about  &''6), 

The  sun's  semidiameter  on  the  day  of  observation  is  to  be  found 
in  the  Na/utical  Almamac.     It  varies  from  15'  46"  to  16'  18', 

The  calculation  may  be  thus  set  down  algebraically — 

(  True  altitude  =  apparent  altitude  —  Dip  (if  the  sea-  "j 
<      horizon  has  been  observed)  —  Kefraction  =1=  sun's  >  (5.) 
(     semidiameter +  FanJlax; j 

Zenith  distance  =  90°  — true  altitude, (6.) 

Latitude  (see  Equations  1,  2,  3,  4). 

Equations  1  and  2  are  the  most  frequently  applicable  to  the  sun. 
Equation  3  is  occaaionaliy  applicable  between  the  tropics;  and 
Equation  4  relates  to  observations  made  at  midnight,  in  summer^  in 
the  polar  regions. 

86  D.  lAm  wf  Aatli«ritie*  •■  Baglii«erlBC  Oeode^r  aadi  Sattfeets  com- 
■ectctd  with  It.— Butler  Williams's  Practical  Geodesy;  BraS  On 
Surveying;  Castle  On  Surveying;  Haskoll's  Engineering  Field- 
Work ;  Haskoll  On  Railway  Gonstruction ;  Simms  On  MaVismaltMcal 
Instruments;  Simms  On  LBveUing;  Simms's  Practioal  Tunnelling: 
Sir  Edward  Belcher  On  Marine  Surveying;  Admiralty  Manual  of 
Scientific  Inquiry,  Article  "Hydrography;"  Eapers  Navigation; 
De  Morgan's  Trigonometry;  Aiiy's  Trigonom^,  edited  by  Pro- 
fessor Blackburn. 


PART  IL 

OF  MATEBULS  AND  STRUCTURES. 


CHAPTER  L 

snaiABY  or  priivoiples  op  otabilitt  and  btbbnoth» 

SBcmoK  I. — Of  8^nkciiwre%  m  General. 

87.  A  flcnwaan  consists  of  portions  of  sdid  materials,  put  to- 
gether so  as  to  preserve  a  definite  form  and  arrangement  of  parts, 
and  to  withstand  external  forces  tending  to  distorb  such  form  and 
arrangement.  As  tiie  parte  of  a  structure  are  intended  to  remain 
at  rest  relatiyely  to  each  other,  the  forces  which  act  on  the  whole 
stracture,  and  on  each  of  its  parts,  should  be  balamoed,  so  that  the 
mechanical  principles  on  which  the  permanence  and  efficiency  of 
stmctores  depend  for  the  most  part  belong  to  Statics,  or  the 
scienoe  of  balanced  forces. 

The  maieriaU  of  a  structure  may  be  nune  or  less  stiff,  like  stone^ 
timber,  and  metals,  or  loose,  like  earth. 

The  ensuing  chapters  of  this  part  will  be  divided  according  to 
Uie  materials  df  which  the  structures  they  treat  of  consist.  In  the 
present  chapter  are  given  a  summary  of  mechanical  principles  appli- 
eable  to  all  structure&  Many  passages  in  it  are  extracted  from  a 
previous  Treatise  on  Applied  Meehames,  and  abridged  or  amplified 
88  may  be  required,  in  order  to  suit  the  purpose  of  the  present 
Treatisa  Such  passages  are  indicated  by  the  letters  A,  M.y  with  a 
reference  to  the  number  of  the  corresponding  Article  in  that 
work. 

87a.  FlecM  JfmUam--mmwpmim  g— Jll— .  {A.  iT,  129, 130). — 
A  structure  consists  of  two  or  more  solid  bodies,  called  its  piecesy 
which  touch  each  other  and  are  connected  at  portions  of  their 
sai&ces  called  joinU.  This  statement  may  appear  to  be  applicable  to 
structures  of  stiff  materials  only;  but,  never&eless,  it  comprehendi 
masses  of  earth  also,  if  they  are  considered  as  consisting  of  a  veiy 
great  number  of  veiy  small  pieces,  touching  each  other  at  innumer- 
able joints. 

Although  the  pieces  of  a  structure  are  fixed  relatively  to  each 
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other,  the  stracture  as  a  whole  may  be  either  fixed  or  moveable 
relatively  to  the  earth. 

A  fixed  structure  is  supported  on  a  part  of  the  solid  materi&l  of 
the  earth,  called  the  foundcUion  of  the  structure;  the  pressures  by 
which  the  structure  is  supported,  being  the  resistances  of  the 
various  parts  of  the  foundation,  may  be  more  or  less  oblique. 

A  moveable  structure  may  be  supported,  as  a  ship,  by  floating  in 
water,  or  as  a  carriage,  by  resting  on  the  solid  ground  through 
wheelia.  When  such  a  structure  is  actually  in  motion,  it  partakes 
to  a  certain  extent  of  the  properties  of  a  machine;  and  the  deter- 
mination of  the  forces  by  which  it  is  supported  requires  the  con- 
sideration of  dynamical  as  well  as  of  statical  principles;  but  when  it 
is  not^  actual  motion,  though  capable  of  being  moved,  the  pres- 
sures which  support  it  are  determined  by  the  principles  of  statics ; 
and  it  is  obvious  that  they  have  their  r^ultant  equal  and  directly 
opposed  to  the  weight  of  the  structure. 

88.  Tke  C«adllUoas  •f  B^afllbrlam  •f  m  Sinietare  are  the  three 
following(il.  iT,  131):— 

I.  That  the  forces  exerted  on  the  whole  gtructwre  by  external  bodies 
shall  IkiUmce  each  other, — ^The  forces  to  be  considered  under  this 
head  are — (1.)  the  AttracUon  of  the  Earth — ^that  is,  the  weight  of 
the  structure;  (2.^  the  ExterruU  Load^  arising  from  the  pressures 
exerted  against  tne  structure  by  bodies  not  forming  part  of  it  nor 
of  its  foundation;  (these  two  kinds  of  forces  constitute  the  gross  or 
total  load)]  (3.)  the  Supporting  Pressv/res^  or  resistance  of  the  founda- 
tion. Those  three  classes  of  forces  will  be  spoken  of  together  as 
the  External  Forces, 

II.  Thai  the  forces  exerted  on  each  piece  of  the  structure  thaU 
baJUmce  each  other, — These  consist  of — (1.)  the  Weight  of  the  piece, 
and  ^2.^  the  External  Load  on  it,  making  together  the  Gross  Load; 
and  (3.)  the  Resistances^  or  forces  exerted  at  the  joints,  between  the 
piece  under  consideration  and  the  pieces  in  contact  with  it. 

IIL  That  the  forces  exerted  on  each  of  the  parts  into  which  each 
piece  of  the  structure  can  be  conceived  to  be  divided  shall  balance  each 
other, — Suppose  an  ideal  suifiax^e  to  divide  any  part  of  any  one  of 
the  pieces  of  the  structure  from  the  remainder  of  the  piece;  the 
forces  which  act  on  the  part  so  considered  are — (1.)  its  weight,  and 
(2.)  (if  it  is  at  the  external  surface  of  the  piece)  the  external  force 
applied  to  it,  if  any,  making  together  its  gross  load;  (3.)  the  stress^ 
or  force,  exerted  at  the  ideal  suiface  of  division,  between  the  part 
in  question  and  the  other  parts  of  the  piece. 

89.  BtaMUtr,  8tt«ii«th,  Md  Sciffaeaa.  {A,  Jf.,  132,  127). — It  ift 
necessary  to  the  permanence  of  a  structure,  that  the  three  fore- 
going conditions  of  equilibrium  should  be  fulfilled,  not  only  under 
one  amount  and  one  mode  of  distribution  of  load,  but  under  all  the 
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variations  of  the  load  as  to  amomit  and  mode  of  distribution  which 
can  oocnr  in  the  use  of  the  structure. 

^Stability  consists  in  the  fulfilment  of  the  first  and  second  condi- 
tions of  equilibrium  of  a  structure  under  all  variations  of  the  load 
within  given  limita  A  structure  which  is  deficient  in  stability 
g^ves  way  by  the  displacement  of  its  pieces  from  their  proper  posi- 
tions. 

When  a  structure,  or  one  of  its  parts,  is  flexible,  like  the  chain  of 
a  suspension  bridge,  or  in  any  other  way  free  to  move,  its  stability 
consists  in  a  tendency  to  recover  its  original  figure  and  position 
aA«r  having  been  disturbed. 

Strength  consists  in  the  fulfilment  of  the  third  condition  of  equi- 
Hbrium^of  a  structure  for  all  loads  not  exceeding  prescribed  limits ; 
that  is  to  say,  the  greatest  internal  stress  produced  in  any  part  of 
any  piece  of  the  structure,  by  the  prescribed  greatest  load,  must  be 
such  as  the  material  can  bear,  not  merely  without  immediate 
breaking,  but  without  such  injury  to  its  texture  as  might  endanger 
its  breaking  in  the  course  of  time. 

A  piece  of  a  structure  may  be  rendered  unfit  for  its  purpose,  not 
merely  by  being  broken,  but  by  being  stretched,  compressed,  bent, 
twisted,  or  otherwise  strained  out  of  its  proper  shape.  It  is  neoes- 
saiy,  therefore,  that  each  piece  of  a  structure  should  be  of  such 
dimensions  that  its  alteration  of  figure  under  the  greatest  load 
applied  to  it  shall  not  exceed  given  limits.  This  property  is  called 
stiffness,  and  is  so  connected  with  strength  that  it  is  necessary  to 
consider  them  together. 

Section  IL — Summary  of  the  Principles  of  the  BaJUmoe  of  Forces. 

90.  {A.  M.y  12,  13,  17  to  24).— A  v«ree  is  an  action  between 
two  bodies,  either  causing  or  tending  to  cause  change  in  their 
relative  rest  or  motion.  B^aUftriaM  or  BbImmo  is  the  condition 
of  two  or  more  forces  which  are  so  opposed  that  their  combined 
action  on  a  body  produces  no  change  in  its  rest  or  motion,  and 
that  each  force  merely  temds  to  cause  such  change^  without  actually 
causing  it. 

In  treatises  on  statics,  the  word  fjressu/re  is  often  used  to  denote 
any  balanced  force;  although,  in  the  popular  sense,  that  word  is 
used  to  denote  a  force,  of  the  nature  of  a  thrust  or  push,  distributed 
over  a  surfaca 

The  relation  of  a  force  to  one  of  the  two  bodies  between  which  it 
acts,  is  determined,  or  made  known,  when  the  following  three 
things  are  known  respecting  it: — ^fiiit,  the  placBy  or  part  of  the 
body  to  which  it  is  applied;  secondly,  the  direction  of  its  action; 
thii^y,  its  magmtvde. 
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L  The  plae$  of  ike  appHoation  of  a  force  to  a  body  maj  be  the 
whole  or  part  of  its  internal  mass;  in  which  case  ^e  force  is  an 
{UiracUon  or  a  r^nMoHf  according  as  it  tends  to  move  the  bodies 
between  which  it  acts  towards  or  from  each  other;  or  the  place  of 
application  may  be  the  surface  at  which  two  bodies  touch  each 
other,  or  the  bounding  surface  between  two  parts  of  the  same  bodvy 
in  which  case  the  force  is  a  tension  or  puU,  a  thrusC  or  push,  or  a 
latmrU  stress,  according  to  circumstances. 

Thus  every  force  has  its  action  distributed  over  a  certain  space, 
either  a  volume  or  a  sur&ce;  and  a  force  concentrated  at  a  single 
point  has  no  real  existence.  Nevertheless,  it  is  necessary,  in  treat- 
ing  of  the  principles  of  statics,  to  begin  by  demonstrating  the 
properties  of  such  ideal  forces,  conceived  to  be  concentrated  at 
single  points ;  for  the  conclusions  so  anived  at  respecting  singleforoes 
(as  they  may  be  called),  are  applicable  to  the  distributed  forces 
which  really  act  in  nature. 

In  reasoning  respecting  forces  concentrated  at  single  points,  they 
are  assumed  to  be  applied  to  solid  bodies'  which  are  per/eetly  rigid, 
or  incapable  of  alteration  of  figure  under  any  forces  which  can  be 
applied  to  theuL  This  also  is  a  supposition  not  realized  in  nature ; 
but  its  consequences  may  be  applied  to  actual  bodies,  when  their 
alterations  of  figure  are  insensible. 

II.  The  direction  of  a  force  is  that  of  the  motion  which  it 
tends  to  produce.  A  straight  line  drawn  through  the  point  of 
application  of  a  single  force,  and  along  its  direction,  is  the  line  of 
action  of  that  force. 

III.  The  magnitttdes  of  two  forces  are  equal,  when,  being 
applied  to  the  same  body  in  opposite  directions  along  the  same 
line  of  action,  they  balance  each  other. 

A  single  force  may  be  represented  on  paper  by  an  arrow-headed 
straight  line;  the  commencement  of  the  Une  indicating  the  point  of 
application  of  the  force, — ^the  direction  of  the  line,  the  direction  of 
the  force, — and  the  length  of  the  line,  the  magnitude  of  the  force, 
according  to  an  arbitrary  scale. 

91.  auuidiarii  uait  mi  Weigiift.  {A.  Jf.,  21). — The  magnitude  of  a 
force  is  expressed  arithmetically  by  stating  in  numbers  its  ratio  to 
a  certain  unit  or  stamda/rd  of  force,  which  is  usually  the  todglU 
(or  attraction  towards  the  earth),  at  a  certain  latitude,  and  at  a 
certain  level,  of  a  known  mass  of  a  certain  material  Thus  the 
British  unit  of  force  is  the  stcmdard  pound  avoirdupois;  which 
is  the  weight  in  the  latitude  of  London,  and  near  the  level 
of  the  sea,  of  a  certain  piece  of  platinum  kept  in  the  Exchequer 
office.  (See  the  Act  18  and  19  Vict,  cap.  72;  also  a  paper 
by  Professor  W.  H.  Miller,  in  the  rhilosoj>hical  TransacHmis 
for  1856.) 
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Amongsl  odier  units  of  force  employed  in  Britain  are,-^ 

The  grain  =  ^^  of  a  pound  ayoiidnpoia. 

The  troy  pound  =  5,760  grains  =  0*82285714  pound  avoirdupois. 

The  hundredweight  a  112  pounds  ayoirdupois. 

The  ton  =3  2,240  pounds  avoirdupois. 

The  French  standard  unit  of  force  is  the  gramme,  which  is  the 
weighty  in  the  latitude  of  Paris,  of  a  cubic  centimetre  of  pure 
water,  measured  at  the  temperature  at  wbic^  the  density  of  water 
is  greatest^  viz.,  3^-945  centigrade,  or  39^*1  Fahrenheit,  and  under 
the  pressure  which  supports  a  barometric  column  of  760  millimetres 
of  miercnry — ^that  is,  29*922  inches 

A  comparison  of  French  and  British  measures  of  force  and  of 
size  is  given  in  a  table  at  the  end  of  this  volume. 

92.  MBBrfft  •rF«rcM  Adtaf  la  Om  8tnil«kc  Use.  {A.  if.,  22). 
— ^The  BssULTAirr  of  any  number  of  given  forces  applied  to  one  body, 
is  a  single  force  capable  of  balancing  that  single  force  which  balances 
the  given  forces;  that  is  to  say,  the  resultant  of  the  given  forces  ]» 
equtd  and  directly  opposed  to  the  force  which  balances  the  given 
forces;  and  is  eqmwuerU  to  the  given  forces  so  fisu'  as  the  balance  of 
the  body  is  concerned.  The  given  forces  are  called  campanerUs  of 
their  resultant. 

The  resultant  of  a  set  of  balanced  forces  is  nothing. 

The  resultant  of  any  number  of  forces  acting  on  one  body  in  the 
same  straight  line  of  action,  acts  along  that  line,  and  is  equal  in 
magnitude  to  the  sum  of  the  component  forces;  it  being  understood, 
that  when  some  of  the  component  forces  are  opposed  to  the  others, 
the  word  ^*9um'^  is  to  be  taken  in  the  algebraical  sense;  that  is  to 
say,  that  forces  acting  in  the  same  direction  are  to  be  added  to,  and 
forces  acting  in  opposite  directions  subtracted  from  each  other. 
,  Whenasystem  of  forces  acting  along  one  straight  line  are  balanced, 
the  sum  of  the  forces  acting  in  one  cBrection  ia  equal  to  the  sum  of 
the  forces  acting  ia  the  opposite  direction. 

93.  Bcndouii  aadl  Bidaace  mt  UueUmtsd  Forces.  (A.  M,,  51  to  54\ 
— The  smallest  number  of  inclined  forces  which  can  balance  eack 
other  is  three.  Those  three  forces  must  act  through  one  point,  and 
in  one  plane.  Their  relation  to  each  other  depends  on  the  follow- 
ing theorem,  caUed  the  "  Pajiallelooram  of  Forc£S,*'  ^m  which 
the  whole  science  of  statics  may  be  deduced. 

I.  If  two  forces  whose  lines  ofacUon  traverse  one  point  be  repre- 
9enied  in  dvredwn,  and  tnagmttide  by  the  sides  of  a  parallelogramj 
their  residUmt  is  represented  by  the  diagonal. 
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For  example,  through  the  point  O  (fig.  60)  let  two  forces  act, 
represented  in  direction  and  magnitude  by  6TA  and  O  B.  The  re- 
sultant or  equivalent  single  force  of 
those  two  foi'oes  is  represented  in 
direction  and  magnitude  hj  the 
diagonal  O  C  of  the  parallelogram 
O  A  0  B.  Its  magnitude  is  giiren 
algebraically  by  the  equation, 


OC=:a/  J0A8  +  0B« 


Fig.  60. 


+  20AOBcosAOB 


}J 


(1) 


To  balance  the  forces  O  A  and  O  B,  a  force  is  required  equal  and 
directly  opposed  to  their  resultant  (TC.  This  may  be  expressed  by 
saying,  that  if  the  directiana  and  magnitudes  of  three  forces  he  repre- 
smted  by  the  three  sides  of  a  triangle  (such  as  O  A,  AC,  C  O),  then 
those  three  forces,  acting  t/irough  one  point,  balance  each  other,  or  in 
other  words,  that  three  forces  in  the  same  plane  balance  each  other 
at  one  point,  when  each  is  proportional  to  the  sine  of  the  angle 
between  the  other  two. 

The  following  corollary  from  the  parallelogram  of  forces  is  called 
the  "  Polygon  of  Forces  :" — 

11.  If  a  number  of  forces  acting  through  the  same  point  be  repre- 
sented  by  lines  equal  and  parallel  to  the 
sides  of  a  closed  polygon,  those  forces 
balance  each  oilier.  To  ^:k.  the  ideas, 
let  there  be  five  forces  acting  through 
the  point  O  (fig.  61),  and  represented 
in  direction  and  magnitude  by  the 


F«  F^ 


Fig.  61. 


Fg,  which 


are 


lines  F^,  Fj, 

equal  and  parallel  to  the' sides  of  the 

closed  polygon  O  A  B  C  D  O  j  viz. : — 

Fi  =  andiiOA;  F2  =  andii  AB;  F8  =  andiiBC; 

F4  =  and  ii  C  D;  F5  =  and  ii  D  O. 

Then,  by  the  principle  of  the  parallelogram  of  forces,  the  resultant  of 
F,  and  Fg  is  O  B;  the  i-esultant  of  F^  Fj,  and  Fg  is  O  C;  the  re- 
smtant  of  F.,  Fj,  F3,  and  F4  is  O  D,  equal  and  opposite  to  F5,  so 
that  the  final  resultant  is  nothing. 

The  closed  polygon  may  be  either  plane  or  ^'gauche*' — ^that  is, 
not  in  one  plane. 
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m.  Principle  of  the  ParaUelopipedqfFarce8.—The  simplest  gauche 
polygon  is  one  of  four  sides.     Let  O  A  B  C  E  F  G  H  (fig.  62),  be  a 
panllelopiped  whose  diagonal  is  O  H.     Then 
any  three  recessive  edges  so  placed  as  to 
begin  at  O  and  end  at  H,  form,  together  with 
the  diagonal  H  O,  a  closed  quadrilateral; 
consequently,  if  three  forces  Fj,  Fg,  Fj,  act- 
ing through  O,  be  represented  by  the  three 
edges  O  A,  O  B,  O  C,  of  a  parallelopiped,         y 
the  diagonal  O  H  represents  their  resultant,       X^ 
and  a  fourth  force  F^  equal  and  opposite  to    / 
OH  balances  them.  ^'  ^^' 

49.  ReMiH«i««  •r  s  FMTce. — ^L  IfUo  two  CoTnpovenJta,  *{A.  if.,  55^ 
56). — In  order  that  a  given  single  force  may  be  resolvable  into  two 
components  acting  in  given  lines  inclined  to  each  other,  it  is  neces- 
sary, first,  that  the  lines  of  action  of  those  components  should 
intersect  the  line  of  action  of  the  given  force  in  one  point;  and 
aeamdlt/,  that  those  three  lines  of  action  should  be  in  one  plane. 

Ketnming  then  to  Fig  60,  let  O  C  represent  the  given  force, 
which  it  is  required  to  resolve  into  two  component  forces,  acting  in 
the  lines  O  X,  O  Y,  which  lie  in  one  plane  with  O  C,  and  intersect 
it  in  one  point  O. 

Through  C  draw  C  A  ii  O  Y,  cutting  0  X  in  A,  and  C  B  il  O  X, 
cutting  O  Y  in  B.  Then  will  O  A  and  O  B  represent  the  com- 
ponent forces  required.  

Two  forces  respectively  equal  to  and  directly  opposed  to  0  A 
and  O B  will  balance  OC'. 

The  magnitudes  of  the  forces  are  in  the  following  propoitions : — 

OC:OA:OB 
::BinAOB:ainBOC:sinAO  C (1.) 

IT.  Into  three  Components. — In  order  that  a  given  single  force 
may  be  resolvable  into  three  components  acting  in  given  lines 
inclined  to  each  other,  it  is  necessary  that  the  lines  of  action  of  the 
components  should  intersect  the  line  of  action  of  the  given  force  in 
one  point.  

Betuming  to  Fig.  62,  let  O  H  represent  the  given  force  which  it 
is  required  to  resolve  into  three  component  forces,  acting  in  the 
lines  O  X,  O  Y,  O  Z,  which  intersect  O  H  in  one  point  O. 

Throi:^h  H  draw  three  planes  parallel  respectively  to  the  planes 
Y  O  Z,  Z  O  X,  X  O  Y,  and  cutting  r^pectively  O  X  in  A,  O  Y  in 
B,  O  Z  in  C.  Then  will  O  A,  0  B,  O  C,  represent  the  component 
forces  required. 
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Three  forces  respectively  equal  to,  and  directlj  opposed  to  0  A, 
OB,  and  00,  will  balance  OTBL 

III.  EecUmffular  Campotients, — The  rectangnlar  components  of 
a  force  are  those  into  which  it  is  resolved  when  the  directions  of 
their  lines  of  action  are  at  right  angles  to  each  other. 

For  example,  in  fig.  62,  suppose  O  X,  O  Y,  O  Z,  to  be  three 
axes  of  co-ordinates  at  right  angles  to  each  other.  Then  OH  is 
resolved  into  three  rectangular  components,  O  A,  O  B,  0  0,  simply 
by  letting  fidl  from  H  perpendiculars  on  0  X,  O  T,  O  Z,  cutting 
them  at  A,  B,  C,  respectively. 

Let  the  three  rectangular  components  be  denoted  respectively  by 
X,  Y,  Z,  the  resultant  by  R,  and  the  angles  which  it  makes  witik 
the  components  by  «,  fi,  y,  respectively;  then  the  relations  between 
the  three  rectangular  components  and  their  resultant  are  expressed 
by  the  following  equations  : — 

X  =  Rcos«j  Y  =  Rcos/9;  Z  =  I{,cosy; (2.) 

R«  =  X«  +  Y»  +  Z2 (3.) 

When  the  resultant  is  in  the  same  plane  with  two  of  its  com- 
ponents (as  X  and  Y),  the  third  component  is  null,  and  the 
equations  2  and  3  take  the  following  form: — 

X  =  Rco8«  =  Rsin/3;  Y  =  Rcos/3  =  Rsinii;  Z  =  0;...(4.) 

R2  =  X2  +  Y2 (5,) 

In  using  equations  2,  3,  4,  and  5,  it  is  to  be  remembered  that 
cosines  of  obtuse  angles  are  negative. 

95.  B«««lUi«c  aad  Balaace  •f  mmj  mambcr  •f  Incltaied  Farce* 
AcUogthroagh  one  Point.— To  find  thisresultant  by  calculation,  assume 
any  three  directions  at  right  angles  to  each  other  as  axes;  resolve 
each  force  into  three  components  (X,  Y,  Z)  along  those  axes,  and  con- 
sider the  components  along  a  given  axis  which  act  in  one  direction 
as  positive,  and  those  which  act  in  the  opposite  direction  as  nega- 
tive; take  the  algebraical  sums  of  the  components  along  the  three 
axes  respectively  (2  •  X,  2  •  Y,  2  *  Z) ;  these  will  be  the  rectangular 
components  of  tlve  resultant  of  all  the  forces;  and  its  magnitude  and 
direction  will  be  given  by  the  following  equations : — 

R2=(2-X)«  +  (2-Y)2  +  (2-Z)2; (1.) 

2-X          ^    2-Y               2-Z  ,^. 

cos«=-j^-;  cos^  =  -g-;  co3y  =  -^- (2.) 

K  the  forces  all  act  in  one  plane,  two  rectangular  axes  in  that 
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plane  are  sufficient,  and  the  tenna  containing  Z  diaappear  fiom 
Uie  eqnartion& 

If  die  forces  balance  each  other,  the  components  parallel  to  each 
axis  balance  each  other  independently;  that  is  to  say,  the  three 
following  conditions  are  f nMlled : — 

2-X  =  0;  2-Y  =  0;  2-Z  =  0. (3.) 

If  the  forces  aU  act  in  one  plane,  these  condUumM  of  ^qmlibnum 
are  reduced  to  two. 

96.  «r— iHit  Mid  BatesM  •€  o««piM.  {A.  M.,  25  to  37).— Two 
forces  of  equal  magnitude  applied  to  the  same  body  in  panJlel  and 
opposite  directions,  but  not  in  the  same  line  of  action  (such  as 
F,  F,  in  fig.  63),  constitute  what  is  called  a  "  couple.*^ 

TIm  arm  or  leverage  of  a  couple  (L,  fig.  63)  is  the  perpendicular 
distance  between  the  lines  of  action  of  the  two  equal  forces. 

The  tendency  of  a  couple  is  to  turn  the  body  to  which  it  is 
applied  in  the  plane  of  the  couple — that  is,  the  plane  which  con- 
tains the  lines  of  action  of  the  two 
forces.  (The  plane  in  which  a  body 
tonus  is  any  plane  parallel  to  those 
planes  in  the  body  whose  position  is  not  'UH 
altered  by  the  turning).  The  turning 
of  a  body  is  said  to  be  right-handed 
when  it  appears  to  a  spectator  to  take  ^        p.     .^ 

place  in  the  same  direction  with  that  of  ^' 

the  hands  of  a  watch,  and  le/Uhanded  when  in  the  apposite  direction ; 
and  couples  are  designated  as  right-handed  or  lefb-handed  according 
to  the  direction  of  the  turning  which  they  tend  to  produce.  The 
couple  represented  in  fig.  63  appears  right-handed  to  the  reader. 

The  Moment  of  a  couple  means  the  product  of  the  magnitude  of 
its  force  by  the  length  of  its  arm  (F  L);  and  may  be  represented 
by  the  area  of  a  rectangle  whose  sides  are  F  and  L.  If  the  force 
be  a  certain  number  of  pounds,  and  the  arm  a  certain  number  of 
feet,  the  product  of  those  two  numbers  is  called  the  moment  in 
footrffmrnUy  and  similarly  for  other  measures.  The  moment  of  a 
oonple  may  also  be  represented  by  a  single  line  on  paper,  by  setting 
ofif  upon  its  aaie  (that  is,  upon  any  line  perpendicular  to  the  plane 
<^  the  couple)  a  length  proportional  to  that  moment  (O  M,  fig.  63) 
in  such  a  direction,  that  to  an  observer  looking  from  M  towsurds  O 
the  couple  shall  seem  right-handed 

The  following  principle  is  the  groundwork  of  the  theory  of 
couples.  It  may  also  be  made  the  groundwork  of  the  whole  science 
of  statics,  instead  of  the  principle  of  the  parallelogram  of  forces ; 
for  each  of  those  two  principles  is  a  necesaaiy  consequence  of  the 
other. 


140  MATEBIALS  AND  8TBUCTUBES. 

I.  If  the  moments  of  two  couples  acting  in  the  same  direction  and 
in  the  same  or  parallel  planes  are  equal,  those  couples  are  equivalent: 
that  is,  their  tendencies  to  turn  the  body  to  which  thej  are 
applied  are  the  same. 

The  foilowiDg  propositions  are  the  chief  consequences  of  the 
principle  just  stated. 

II.  The  resultant  of  any  number  of  couples  acting  in  the  same 
or  paiaUel  planes  is  equivalent  to  a  couple  whose  moment  is  the 
algebraical  sum  of  the  moments  of  the  combined  couples. 

III.  Two  opposite  couples  of  equal  moment  in  the  same  or 
parallel  planes  balance  each  other.  Any  number  of  couples  in  the 
same  or  parallel  planes  balance  each  other  when  the  moments  of 
the  right-handed  couples  are  together  equal  to  the  moments  of  the 
left-handed  couples;  in  other  words,  when  the  resultant  moment  is 
nothing — a  condition  expressed  algebraically  by 

2FL  =  0 (1.) 

lY.  If  the  two  sides  of  a  parallelogram  represent  the  axes  and 
moments  of  two  couples  acting  on  the  same  body  in  planes  in- 
clined to  each  other,  the  diagonal  of  the  parallelogram  will  repre- 
sent the  axis  and  moment  of  the  resultant  couple,  which  is  equiva- 
lent to  those  two. 

In  other  words,  three  couples  represented  by  the  three  sides  of  a 
triangle  balance  each  other. 

V.  If  any  number  of  couples  acting  on  the  same  body  be  repre- 
sented by  a  series  of  lines  joined  end  to  end,  so  as  to  form  sides  of 
a  polygon,  and  if  the  polygon  is  closed,  those  couples  balance  each 
other. 

These  propositions  are  analogous  to  corresponding  propositions 
relating  to  single  forces;  and  couples,  like  single  forces,  can  be 
resolved  into  components  acting  about  two  or  three  given  axes. 

97.  Remliaac  wtmA  Balaace  ofPsraUel  F^rrts^  {A.  M.y  38  to  47). 
— A  balanced  system  of  parallel  forces  consists  either  of  pairs  of 
directly  opposed  equal  forces,  or  of  couples  of  equal  forces,  or  of 
combinations  of  such  pairs  and  couples. 

Hence  the  following  propositions  as  to  the  relations  amongst  the 
magnitudes  of  systems  of  paiullel  forces. 

I.  In  a  balanced  system  of  parallel  forces  the  sums  of  the  forces 
acting  in  opposite  directions  are  equal ;  in  other  words,  the  alge- 
braical sum  of  the  magnitudes  of  idl  the  forces  taken  with  their 
proper  signs  is  nothing. 

II.  The  magnitude  of  the  resultant  of  any  combination  of  par- 
allel forces  is  the  algebraical  sum  of  the  magnitudes  of  the  forces. 

The  relations  amongst  the  positions  of  the  lines  of  action  of 
balanced  parallel  forces  remain  to  be  shown;  and  in  this  inquiry 
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all  pairs  of  directly  opposed  equal  forces  may  be  left  out  of  con- 
sideiation;  for  each  such  pair  is  independentlj  balanced  whatso- 
ever its  positioii  may  be;  so  that  the  question  in  each  case  is  to 
be  solved  by  means  of  the  theoiy  of  couple& 

The  following  is  the  simplest  case : — 

HL  Priacipie  •r  tke  i^evvr.— 7/*<Aii00  pardUd  forces  applied  to  one 
body  balance  each  other ^  they 
fOMst  be  in  one  plane;  the  two 
extreme  forces  must  act  in  the 
some  direction;  the  middle  force 
must  act  in  Hie  opposite  direc- 
tion; and  the  magnitude  of  each 
force  must  be  proportional  to 
the  distance  between  the  lines  of 
action  of  the  other  two.  Let 
a  body  (fig.  64)  be  maintained 
in   equilibrio  by  two  opposite 


Fig.  64. 


couples  acting  in  the  same  plane,  and  of  equal  moments, 

^A  La  =  Fb  L», 

and  let  those  couples  be  so  applied  to  the  body  that  the  lines  of 
action  of  two  of  those  forces,  —  F^  -  F^,  which  act  in  the  same 
direction,  shall  coincida  Then  those  two  forces  are  equivalent  to 
the  smgle  middle  force  Fo  =  —  (F^  +  F^),  equal  and  opposite  to  the 
sum  of  the  extreme  forces  +  F^,  +  Fg,  and  in  the  same  plane  with 
them;  and  if  the  straight  line  A  C  6  be  drawn  perpendicular  to 
the  lines  of  action  of  the  forces,  then 


AC  =  La;  CB=Lb;  AB  =  La  +  L,; 

aad  consequently 

Fa  :  Ffl  :  ¥q 

This  proposition  holds  also  when  the  straight  line  A  C  B  crosses 
the  lines  of  action  of  the  three  forces  obliquely. 

IV.  The  restdtant  of  any  two  of  the  three  forces  F^,  F,,  F^,  is 
equal  and  opposite  to  the  third. 

In  order  that  two  opposite  parallel  forces  may  have  a  single 
resultant,  it  is  necessary  that  they  should  be  unequal,  the  resultant 
being  their  difference.  Shoidd  they  be  equal,  they  constitute  a 
couple,  which  has  no  single  resultant. 

V.  BestdtarU  of  a  Coi^  and  a  Single  Force  in  Parallel  Planes. — 


U2 


MATEBIAI^  AND  STRUCTURES. 


Let  M  denote  the  moment  of  a  couple  applied  to  a  body  (fig.  65) ; 

and  at  a  point  O  let  a  single 
foroe  F  be  applied,  in  a  pkuie 
parallel  to  that  of  the  couple: 
For  the  given  couple  substitate 
an  equivalent  couple,  consiating 
of  a  force  —  F  equal  and  directly 
opposed  to  F  at  O,  and  a  foroe 
F  acting  through  the  point  A, 
the  arm  A  O  perpendicular  to 

F  being  =  ^,  and  parallel    to 


Fig.  65. 


the  plane  of  the  couple  M.  Then  the  forces  at  O  balance  each 
other,  and  F  acting  through  A  is  the  resultant  of  the  single  force 
F  applied  at  O,  and  the  couple  M;  that  is  to  say,  that  if  with  a 
single  force  F  there  be  combined  a  couple  M  whose  plane  is  parallel 
to  the  force,  the  effect  of  that  combination  is  to  shift  the  line  of 
action  of  the  force  parallel  to  itself  through  a 

distance  O  A  =  ^ ; — ^to  the  left  if  M  is  right- 
handed — to  the  right  if  M  is  left-handed. 

VL  Moment  of  a  Force  wiih  respect  to  an 
Axis. — In  fig.  66,  let  the  straight  line  F  repre- 
sent a  force.  Let  O  X  be  any  straight  line 
perpendicular  in  direction  to  the  line  of  action 
of  the  force,  and  not  intersecting  it,  and  let  A  B 
be  the  common  perpendicular  of  those  two  lines. 
At  B  conceive  a  pair  of  equal  and  directly  op- 
posed forces  to  be  applied  in  a  line  of  action 
parallel  to  F,  viz.:  F  =  F,  and-F= -F.  The 
supposed  application  of  such  a  pair  of  balanced 
forces  does  not  alter  the  statical  condition  of  the 
body.  Then  the  original  single  force  F,  applied 
in  a  line  traversing  A,  is  equivalent  to  the  force  F  applied  in  a  line 
traversing  B,  the  point  in  O  X  which  is  nearest  to  A,  combined 
with  the  couple  composed  of  F  and  —  F,  whose  moment  is  F  -  A  R 
This  is  called  the  Tooment  of  the  force  F  rdaUf>dy  to  the  aseia  O  X, 
and  sometimes  also,  the  moment  of  the  force  F  relaUvdy  to  the 
plcme  traversing  O  X,  parallel  to  the  line  of  action  of  the  force. 

If  from  the  point  B  there  be  drawn  two  straight  lines  B  D  and 

B  £,  to  the  extremities  of  the  line  F  representing  the  force,  ihe 

area  ofthe  triangle  BDE  being  =  ^  F*AB,  represents  one-half  of 

the  moment  of  F  relatively  to  O  2^ 

YIL  Bakmee  of  any  System  of  ParaUd  Forces  in  One  Plane, — 


Fig.  66. 
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111  order  that  any  syBtem  of  parallel  forces  whose  lines  of  action 
are  in  one  plane  may  balance  each  other,  it  is  neoessazy  and  suffi- 
cient that  the  following  conditions  should  be  ful£lled : — 

Fvni — (As  already  stated)  that  the  algebraical  sum  of  the  forces 
shall  be  nothing : — 

Secondly — That  the  algebraical  sum  of  the  momerts  of  the  forcea 
relatively  to  any  axia  perpendicular  to  the  plane  in  which  they  act 
shall  be  nothing, 

two  conditions  which  are  expressed  symbolically  as  foUowa : — 
Let  F  denote  any  one  of  the  forces,  considered  as  potdtive  or  n^ga  ' 
ilYBy  according  to  the  direction  in  which  it  acts ;  let  y  be  the  per- 
pendicular distance  of  the  line  of  action  of  this  force  from  an 
arbitrarily  assumed  axis  O  X,  y  also  being  considered  as  positive  or 
n^adve,  according  to  its  direction;  then, 

2-F  =  0;  2-yF  =  0. (2.) 

In  summing  moments,  right-handed  couples  are  usuaUy  considered 
as  positive,  and  left-handed  couples  as  necativa 

VllJL  Let  R  denote  the  resiUtant  of  any  rwmber  of  paraUd 
forces  in  one  planer  and  y^  the  distance  of  the  line  of  action  of  that 
resoltant  from  the  assumed  axis  O  X  to  which  the  positions  of  forces 
are  referred;  then, 

R  =  2P; 

^'     2-F 

In  some  cases,  the  forces  may  have  no  single  resultant,  2  *  F 
being  =  0;  and  then,  unless  the  forces  balance  each  other  com- 
pletely, their  resultant  is  a  couple  of  the  moment  2  *  y  F. 

IX-  BcUcmce  of  any  System  of  Pa/raUd  Forces, — In  order  that 
any  system  of  parall^  forces,  whether  in  one  plane  or  not,  may 
baianoe  each  otiier,  it  is  necessary  and  sufficient  that  the  three 
following  conditions  should  be  fulfilled : — 

First — (As  already  stated)  that  the  algebraical  sum  of  the  forces 
shall  be  nothing : — 

Secondly  and  Tkvrdly — That  the  algebraical  sums  of  the  moments 
of  the  forces,  relatively  to  a  pair  of  axes  at  right  angles  to  each 
other,  and  to  the  lines  of  action  of  the  forces,  shaU  each  be  nothing, 

two  conditions  which  are  expressed  symbolically  as  follows: — 
Let  O  X  and  O  Y  denote  the  pair  of  axes;  let  F  be  the  magnitude 
of  any  one  of  the  forces;  y  its  perpendicular  distance  from  O  X, 
and  X  its  perpendicular  distance  J&om  O  Y ;  then, 

2F«0;  2yF  =  0;  2ajF  =  0; (3.) 
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X.  Let  B  denote  the  reaultani  of  any  syatem  of  petraUd  forces^ 
and  x^  and  y^  the  distances  of  its  line  of  action  from  two  rectangular 
axes;  then^ 

R  =  2   F,  aj,=  ^^,y,  =  -^-^ (4.) 

In  some  cases  the  forces  may  have  no  single  restdtant,  2)  *  F 
being  =  0 ;  and  then,  unless  the  forces  balance  each  other  completely, 
their  residtant  is  a  couple,  whose  aids,  direction,  and  moment,  are 
found  as  follows : — 

Let  M.  =  2.yF;  M,= -2.a;F; 

be  the  moments  of  the  pair  of  partial  resultant  couples  about  the 
axes  O  X  and  O  Y  respectively.  From  O,  along  those  axes,  set  off 
two  lines  representing  respectively  M,  and  M,;  that  is  to  say,  pro- 
portional to  those  moments  in  length,  and  pointing  in  the  direction 
from  which  those  couples  must  respectively  be  viewed  in  order  that 
they  may  appear  right-handed.  Complete  the  rectangle  whose 
sides  are  those  lines;  its  diagonal  will  represent  the  axis,  direction, 
and  moment  of  the  final  resultant  couple.  Let  M,  be  the  moment 
of  this  couple;  then, 

M,=  y^{M!+M;|;  (5.) 

and  if  ^  be  the  angle  which  its  axis  makes  with  O  X, 

C08^=J (6.) 

98.  The  Cemtra  ^f  PanUld  Forces  {A,  if.,  49,  50)  is  the  single 
point  referred  to  in  the  following  principle.  The  forces  to  which 
that  principle  is  applied  are  in  general  either  weights  or  pressures; 
and  the  point  in  question  is  Uien  called  the  CevWre  ofGrwoUy  or 
the  GerUre  of  Pressure,  as  the  case  may  be. 

If  there  he  given  a  system  of  points,  and  the  mutual  ratios  of  a 
system  of  parallel  forces  applied  to  those  points,  which  forces  &io«  a 
single  resultant,  then  there  is  one  point,  and  one  only,  which  is  tra- 
versed  by  the  line  of  action  of  the  resultant  of  every  system  of  parallel 
forces  havina  the  given  mutual  ratios  and  applied  to  the  given  system 
of  points,  whatsoever  may  he  the  absolute  magnitudes  of  those  forces, 
and  the  angular  position  of  their  lines  of  action. 

The  position  of  that  point  is  found  as  follows : — 

Let  O  in  fig.  67  be  any  convenient  point,  taken  as  the  origin  of 
co-ordinates,  and  OX,  O  Y,  0  Z,  three  axes  of  co-ordinates  at 
right  angles  to  each  other, 


^  ._ 


CBNTBE  OF  PABALLEL  FOBCEB — ^FOBdB  IV  OHE  PLANE. 


145 


Let  A  be  any  one  of  the  pointB  to  which  the  system  of  parallel 
forces  in  question  are  applied.  From  A  draw  x  parallel  to  O  X, 
and  perpendicular  to  the  plane  Y  Z, 
y  parallel  to  O  Y,  and  perpendicalar 
to  the  plane  Z  X,  and  z  parallel  to 
0  Z,  and  perpendicular  to  the  plane 
X  Y.  Xy  y,  and  z  are  the  rectangu- 
lar co-ordrnates  of  A^  which,  being 
known,  the  position  of  A  is  deter- 
mined. Let  F  denote  either  the 
magnitude  of  the  force  applied  at  A, 
or  any  magnitude  proportional  to 
that  magnitude^  Xy  y,  z^  and  F  are 
supposed  to  be  known  for  eveiy  point  of  the  given  system  of 
points. 

FvnAy  conceive  tfU  the  parallel  forces  to  act  in  lines  parallel  to 
the  plane  Y  Z  Then  the  distance  of  their  resultant,  and  of  the 
centre  of  parallel  forces  from  that  plane  is 


Fig.  67. 


«r  = 


2F  • 


(1.) 


Secandlj/,  conceive  all  the  parallel  forces  to  act  in  lines  parallel 
to  the  plane  Z  X.  Then  the  distance  of  their  resultant,  and  of  the 
centre  of  parallel  forces  from  that  plane  is 


*'     2  •  F 


(2.) 


Thirdly y  conceive  all  the  parallel  forces  to  act  in  lines  parallel  to 
the  plane  X  Y.  Then  the  distance  of  their  resultant,  and  of  the 
centre  of  parallel  forces  &om  that  plane,  is 


«;.= 


2F 


(3.) 


If  the  forces  have  no  single  resultant,  so  that  2  *  F  =  0,  there  is 
no  centre  of  parallel  forces.  This  may  be  the  case  with  pressures, 
but  not  with  weights. 

If  the  parallel  forces  applied  to  a  system  of  points  are  all  equal 
and  in  the  same  direction,  it  is  obvious  that  the  distance  of  the 
centre  of  parallel  forces  from  any  given  plane  is  simply  the  mean 
of  the  distances  of  the  points  of  the  system  from  that  plane. 

99.  R««altBat  and  Batence  of  any  Bjmewa  •£  Wtte^m  la  Oae  Plaa«, 

{A.  M,y  59). — ^Let  the  plane  be  that  of  the  axes  O  X  and  O  Y  in 
fig.  67 ;  and  in  looking  from  Z  towards  O,  let  Y  lie  to  the  right  of 

L 
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X,  SO  that  rotation  from  X  towards  Y  shall  be  right-handed.  Let 
X  and  y  be  the  co-ordinates  of  the  point  of  application  of  one  of  the 
forces,  or  of  any  point  in  its  line  of  action,  relatively  to  the  assumed 
origin  and  axes.  Besolve  each  force  into  two  rectangular  com- 
ponents X  and  Y,  as  in  Ai-ticle  94,  p.  137;  then  the  rec- 
tangular components  of  the  resultant  are  2  •  X  and  2  •  Y;  its 
magnitude  is  given  by  the  equation 

R2  =  (2.X)2+(2-Y),  (1.) 

and  the  angle  «,  which  it  makes  with  O  X  is  found  by  the  equations 

2X     .            2Y  ,„. 

<»s«^=-^;  sm«,  =  -^ (2.) 

This  angle  is  acute  or  obtuse  according  as  2  *  X  is  positive  or  nega- 
tive; and  it  lies  to  the  right  or  left  of  O  X  according  as  2  -  Y  is 
positive  or  negativa 

The  resultant  moment  of  the  system  of  forces  about  the  axis 
OZis 

M  =  2(«Y-yX), (3.) 

and  is  right  or  left-handed  according  as  M  is  positive  or  n^^tive. 
The  perpendicular  distance  of  the  resultant  force  B  from  O  is 

-g- (*•) 

Let  x^  and  y^  be  the  co-ordinates  of  any  point  in  the  line  of 
action  of  that  resultant;  then  the  equation  of  that  line  is 

a;,2Y-y,2X  =  M. (5.) 

If  M  =  0,  the  resultant  acts  through  the  origin  O;  if  M  has 
magnitude,  and  K  =  0  (in  which  case  2  •  X  =  0,  2  •  Y  =  0)  the 
resultant  is  a  couple.  The  conditions  of  equilibrium  of  the  system 
of  forces  are 

2-X  =  0;  2-Y=0;  M  =  0 (6.) 

100.  B«MiltaBt  and  BsUmce  mt  muj  Bjnrtem  ^f  Faicm.  (A.  M.,  60.) 
— ^To  find  the  resultant  and  the  conditions  of  equilibrium  of  any 
system  of  forces  acting  through  any  system  of  points,  the  forces 
and  points  are  to  be  referred  to  three  rectangular  axes  of  co- 
ordinates. 
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K.v«f«.^\jk  O    ^^    ^8-     ^"^^    P-    ^^^*  denote  the  origin  of  oo- 
otS^«.?0^i  ^  J^9    f '  *i«  t^  rectangular  axes;  and 

^>.  [Y  towards  Z  ) 

Y  >to^"«^  ^»    rotation  fiom^  Z  towards  X  V 
«  I  (X  towards  Yj 

map^ax    *2»  detiote  the  rectangular  components  of  any  one 
tt    f  Tcea'  «>  !/» *'  ^®   co-ordinates  of  a  point  in  its  line  of 


of  tie 
fluctioii. 


nl^       the  a\gebr&i<»l  sums  of  all  the  forces  which  act  along 
iaKing                ^  Qf  jjjj^  ^Ij3  couples  which  act  round  the  same 
the  same  axes, »"«  .  .    x-        .       .      

axes,  the  six  fc   ,       ^    - 

Wtant  of  the  given  system  of  forces:— 


&  ea.  the  six  following  qtiantities  are  found,  which  compose  the 


2-X;  2Y;2Z;  (1.) 

CMirtos. 

about  OX;  Mi='2  (yZ-«Y);) 

„      OY;  M,  =  2(iX-xZ);l (2.) 

„      0Z;M.  =  2(xY.yX).j 

The  three  forces  are  equivalent  to  a  single  force 

B==>y/{(2-X)«  +  (2.Y)^+(2-Z)«}, (3.) 

actins  through  O  in  a  line  which  makes  with  the  axes  the  angles 
given  by  the  equations 

2-X          ^     2-Y                 2-Z  ,,, 

oos*=-^;  cos^  =  -^^;  oosy=-^ (4.) 

The"*  three  couples  M„  M„  M„  are  equivalent  to  one  couple, 
whose  magnitude  is  given  by  the  equation 

M  =  V(M!  +  MJ+M?), (5.) 

t  ^hose  axis  makes  with  the  axes  of  co-ordinates  the  angles  given 

^*^"""*^                            M.              M.  „, 

co8X=j^;  cos^  =  g-;  cosf  =  g-, (b.) 


m 


.,1^1  denote  respectively  the  angles  J  n  v  I 
^hich-JA*>niadebythe  axis  of  M  with!  ^^T 
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The  CwiditvofM  of  Equilibrium  of  the  system  of  forces  maj  be 
expressed  in  either  of  the  two  following  forms : — 

2-X  =  0j2Y  =  0;2-Z  =  0;Mj  =  0;M,  =  0;M,  =  0;(7.) 

or  R  =  0;  M  =  0 (8.) 

When  the  system  is  not  balanced,  its  resultant  may  fall  under 
one  or  other  of  the  following  cases : — 

Case  I. — When  M  =  0,  the  resultant  is  the  single  force  K  acting 
through  O. 

Case  II. — When  the  cms  of  "ML  is  at  right  cmglea  to  the  direction  of 
R, — a  case  expressed  by  the  following  equation : — 

cos  •cos  x  +  cos/S  co8f»  +  co8  y  cos  ^ssO;  ^...  (9.) 

the  resultant  of  M  and  R  is  a  single  force  equal  and  parallel  to  R, 
acting  in  a  plane  perpendicular  to  the  axis  of  M,  and  at  a  perpen- 
dicular distance  from  O  given  by  the  equation 

1^=1 (10.) 

Case  III. — When  R  c  0,  there  is  no  single  resultant;  and  the 
only  resultant  is  the  couple  M. 

Case  IY. — Whentheaxiaof^ispa/raUd  to  the  line  (/action  of  R, 
that  is,  when  either 

X  =  «;  ^  =  iS;  ,=:y, (11.) 

or  x=  -  «;  f»=  -  ^;  »=  -  y;  (12.) 

there  is  no  siugle  resultant;  and  the  system  of  forces  in  equivalent 
to  the  force  R  and  the  couple  M,  beii^  incapable  of  being  £uther 
siinplified. 

Case  V. — When  the  axis  of  "Mi  is  obliqus  to  the  direction  ofTi, 
making  with  it  the  angle  given  by  the  equation 

cos  ^  =  cos  X  cos  «  +  cos  ft  cos  iS  +  cos  9  cos  y,....  (13.) 

the  couple  M  is  to  be  resolved  into  two  rectangular  components, 
viz: — 

M  sin  ^  round  an  axis  perpendicular  to  R,  and  in ' 
the  plane  containing  the  direction  of  R  and  of 
the  axis  of  M; 

M  cos  H  round  an  axis  parallel  to  R 

The  force  R  and  the  couple  M  sin  ^  are  equivalent,  as  in  Case 
II.,  to  a  single  force  equal  and  parallel  to  R,  whose  line  of  action 


(14.) 
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k  in  a  plane  perpendicolar  to  that  containiiig  R  and  the  axis  of 
M,  and  whose  perpendicular  distance  from  O  is 

^       M  sin  i 

L=— ^ (15.) 

The  oonple  M  cos  i,  whose  axis  is  parallel  to  the  line  of  action  of 
B,  is  incapable  of  further  combination. 

Hence  it  appears  finally,  that  eveiy  system  of  forces  which  is  not 
self-balancedy  is  equivalent  either,  (A);  to  a  single  force,  as  in  Cases 
L  and  11.  (B);  to  a  couple,  as  in  Case  III.  (C);  to  a  force,  com- 
bined with  a  couple  whose  axis  is  parallel  to  the  line  of  action  of 
the  force,  as  in  Cases  lY.  and  Y.  This  can  occur  with  inclined 
forces  only;  for  the  resultant  of  any  number  of  parallel  forces  is 
either  a  single  force  or  a  couple. 

101.  PanOlcl  Pi^«caMM  OT  TrMMf^rauulMM  la  StatlcB.  {A,  if., 
61  to  66.)— If  two  figures  be  so  related,  that  for  each  point  in  one 
there  is  a  corresponding  point  in  the  other,  and  that  to  each  pair  of 
equal  and  parallel  lines  in  the  one  there  corresponds  a  pair  of 
equal  and  parallel  lines  in  the  other,  those  figures  are  said  to  be 
PA&AIXEL  PROJECTIONS  of  each  other. 

The  relation  betwe^i  such  a  pair  of  figures  is  expressed  algebrai- 
cally as  follows : — Let  any  figure  be  referred  to  axes  of  co-ordinates, 
whether  rectangular  or  oblique;  let  x,  y,  z,  denote  the  co-ordinates 
of  any  point  in  it,  which  may  be  denoted  by  A :  let  a  second  figure 
be  constructed  from  a  second  set  of  axes  of  co-ordinates,  either 
agreeing  witli,  or  dififering  from,  the  first  set  as  to  rectangularity 
or  obliquity ;  let  a^,  i/,  z',  be  the  co-ordinates  in  the  second  figure, 
of  the  point  A'  which  corresponds  to  any  point  A  in  the  first  figure, 
and  let  those  co-ordinates  be  so  related  to  the  co-ordinates  of  A, 
that  for  each  pair  of  corresponding  points.  A,  A',  in  the  two  figures, 
the  three  pairs  of  corresponding  co-ordinates  shall  bear  to  each 
other  three  constant  ratios,  such  as 

X         '  y         '  z        ' 

then  are  those  two  figures  parallel  projections  of  each  other. 

For  example,  all  circles  and  ellipses  are  parallel  projections  of 
each  other;  so  are  all  spheres,  spheroids,  and  ellipsoids;  so  are  aU 
^iangles;  so  are  all  triangular  pyramids;  so  are  all  cylinders;  so 
areidl  cones. 

The  following  are  the  geometrical  properties  of  parallel  projec- 
tions which  are  of  most  importance  in  statics : — 

I.  A  parallel  projection  of  a  system  of  three  points,  lying  in 
one  straight  line  and  dividing  it  in  a  given  proportion,  is  also  a 
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system  of  three  points,  lying  in  one  straight  line  and  dividing  it  in 
the  same  proportion. 

II.  A  parallel  projection  of  a  system  of  parallel  lines  whose 
lengths  b^  given  ratios  to  each  other,  is  also  a  £fystem  of  parallel 
lines  whose  lengths  bear  the  same  ratios  to  each  other. 

III.  A  parallel  projection  of  a  closed  polygon  is  a  closed 
polygon. 

lY.  A  parallel  projection  of  a  parallelogram  is  a  parallelogram. 

Y.  A  parallel  projection  of  a  parallelepiped  is  a  parallelepiped. 

YI.  A  parallel  projection  of  a  pair  of  parallel  plane  surfaces^ 
whose  areas  are  in  a  given  ratio,  is  also  a  pair  of  parallel  plane 
surfaces,  whose  areas  are  in  the  same  ratio. 

YIL  A  parallel  projection  of  a  pair  of  volumes  having  a  given 
ratio,  is  a  pair  of  volumes  having  the  same  ratio. 

The  following  are  the  mechanical  properties  of  parallel  projec- 
tions in  connection  with  the  principles  set  forth  in  this  section : — 

YIII.  If  two  fifystems  of  points  be  parallel  projections  of  each 
other;  and  if  to  each  of  those  systems  there  be  applied  a  system  of 
parallel  forces  bearing  to  each  other  the  same  system  of  ratios,  then 
the  centres  of  parallel  forces  for  those  two  systems  of  points  will  be 
parallel  projections  of  each  other,  mutually  related  in  the  same 
manner  with  the  other  pairs  of  corresponding  points  in  the  two 
systems. 

IX.  If  a  balanced  system  of  forces  acting  through  any  system  of 
points  be  represented  by  a  system  of  lines,  then  will  any  parallel 
projection  of  that  system  of  lines  represent  a  balanced  system  of 
forces;  and  if  any  two  systems  of  forces  be  represented  by  lines 
which  are  parallel  projections  of  each  other,  the  lines,  or  sets  of 
lines,  representing  their  resultants,  are  corresponding  parallel  pro- 
jections of  each  other, — it  being  observed  that  couples  are  to  be 
represented  by  pail's  of  lines,  as  pairs  of  opposite  forces,  or  by  areas, 
and  not  by  single  lines  along  their  axes. 

Section  III. — Of  Distributed  Forces. 

102.  DliiCribHtod  Forces  la  Ceaerak  {A.  if., 67,  &^.) — In  Article  90, 
p.  133,  it  has  already  been  explained,  that  the  action  of  every  real 
force  is  distributed  throughout  some  volume,  or  over  some  sm'&ca 
It  is  always  possible,  however,  to  find  either  a  single  restdta/rU,  or  a 
resiUta/nt  couplcy  or  a  combination  of  a  single  force  with  a  couple,  to 
which  a  given  distributed  force  is  equivalent,  so  far  as  it  aflEects  the 
equilibrium  of  the  body,  or  part  of  a  body,  to  which  it  is  applied. 

In  the  application  of  Mechanics  to  Structures,  the  only  force  dis- 
tributed throughout  the  volume  of  a  body  which  it  is  necessary  to 
consider,  is  its  weight,  or  attraction  towards  the  earth;  and  the 
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•Awei  ate  itt  every  ixistckx&oe  so  small  as  compared  with 
'***  *  vT^  ittwA^**^  itts^y*  "witlkOTit  appreciable  error,  be 
the  *'*'^  .  ^^\e\  iirectiona  a.ti  eSLclx  poinl^  in  each  body.  More- 
Wdto»rt®^*^^Hj^\<5iover  aturfsboes  sure  either  parallel  at  each 
o»«,4efo*5**  ^^jgj  of  appiica-tioii,  otr  capable  of  being  resolved 
p^t  of  &ett  *^fotceB-,  "keixoe,  pcirall^  tiistritnUed  foreet  have 
mtoKt8(«I«*\j  .^.  M.4  everr  8«.cbi  foxoo  is  statically  equivalent 
tetote  ~^5Stottt,  or  to  a.  res^ltoTit  coupla 
atliet  to  »  »np«  7°  nolrtbutod  Force  is  -the  ratio  which  the  magni- 

?%^fr^!,^  eiW««i  i^  «^*«  o*"  ^e^H  bears  to  the  space 
tad*otti>rt  w^^^uted,  expressed  in  units  of  volume,  or  in 
over  ^bdi  rt  »  «»^  ,j^  ^^^y  ^^.  ^n  ««»<  o/IrUmtUy  is  an 
^^  f /iMbutei  over  an  xwiit  of  volume  or  of  sur&oe,  as 
unit  0!  force  ^^^  ^^  ,^  ^j^o  kinds  of  units  of  intensity, 
the  CM6  my »»,  »  «»       ^^   -  ^^  ^^  ,,^4  of  intensity  for  a 

J"'*^^t:^«ro^^^<»l^«»«'   ^,t  as  weight;  and  o«* 

weijit  are  ~'*'^;rfoot,  or  in  a  cubic  inch),  or  by  stating  the 
avoiidupo«  m  "J^J^"  jV         ^^y^^  of  the'body  bea«  to  the 

"^^^^T^f  t^e  sSvoW  of  a  Btandard  s«bstan4  (pure  water) 
weight  <>V*^'*,fT"  ^grae  (the  average  atmospheric  pressure  of 
,u^er  a  ^M  ^'.jSiUnd  at  a  stondard  temperatlare  (which 
U-Tlbs.on.thei^^^*'^^^  j^  France,  the  temperature  at 
in  Britain  ^.^^J£^\^^-\  Fahr.  =  3°-945  cTnt).  The 
^^irS^e^^^is  SU  tl^  «^^>Jc  Cr^y-oft^eWy 


laat-mentioned  rauo  m  .^  ^^^  ^j^^^  ^^  j^  English : 

For  the  weight  of  V^^  j\  HEAViKiffls/^hat  being  a  word 
it  might  perhaps  to  ^^  appropriated  to  any  scientific  purpose, 
which  at  F^^en  ,  gystem  of  measures,  there  is  no  need  for 

Aocordinjg  to  tl^*^'^  i  a  Utre  (a  cubic  dfcimfitre)  of  pure 
this  distinction; _t)ecau8e,  V    ^- _-,^-  <j. .  ^-i-j^t  of 


*''t^*SiiSdensity  weighs  a  Idlogramme,  the  weight  of 
rJSc  dSS  of  any  substance  in  kilogrammes  is  its  specific 

-|7w^t«U:tr:^^2ater  at  3.-1  Fah..  is 
62-425  lbs.  avoirdupois. 
.  •      A«m  <19«-1  to  62"  Fahr.,  pure  water  expands  in  the 
3"  f^^niS  to  1,  and  has  its  density  diminished  in  the  ratio 
"^^gSSSa  to  1,*  tenc4  the  weight  of  a  cubic  foot  of  pure  water  at 

®^  ^^X«or  »»»«'•  p.p«»0iith.3t«.a«dP(Hmd,"P«i  Tra-.,  1866.  Part  I. 
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62-425  X  -998883=  62-355  lbs.  avoirdupois; 

and  for  any  other  substance  we  haye, 

Heaviness  in  lbs.  avoirdupois  per  cubic  foot  =  Specific  )     ,,  v 
Gravity  X  62-355 / -^^'^ 

In  a  table  at  the  end  of  this  volume  are  given  the  specific  gravity 
and  heaviness  of  such  materials  as  most  commonly  occur  in  struc- 
tures. So  far  as  that  and  similar  tables  relate  to  solid  materials, 
they  are  approximate  only;  for  the  specific  gravity  of  the  same 
solid  substance  varies  not  only  in  different  specimens,  but  fre- 
quently even  in  different  parts  of  the  same  specimen ;  still  the 
approximate  values  are  sufficiently  near  the  truth  for  practical 
purposes  in  the  art  of  construction. 

104.  (J.  J/.,  70  to  85.) — ^The  Ccnirc  mfe^rmwUj  of  a  body,  or  of  a 
system  of  bodies,  is  the  point  tdways  traversed  by  the  resultant  of 
the  weight  of  the  body  or  sjrstem  of  bodies, — in  other  words,  the 
centre  <^  parallel  forces  for  the  weight  of  the  body  or  system  of 
bodies.     (See  Article  98.) 

To  8U0)ort  a  body,  that  is,  to  balance  its  weight,  the  resultant  of 
the  supporting  force  must  act  through  the  centre  of  gravity. 

When  the  centre  of  gravity  of  a  gecmietrical  figure  is  spoken  of, 
it  is  to  be  understood  to  mean  the  point  where  the  centre  of 
gravity  would  be,  if  the  figure  were  filled  with  a  substance  of 
uniform  heaviness.  The  following  are  the  most  useful  of  the  pi-o- 
cesses  for  finding  centres  of  gravity. 

I.  If  a  body  is  homogeneous,  or  of  equal  specific  gravity  through- 
out, and  so  far  sym/metrical  as  to  have  a  centre  of  figure;  that  is,  a 
point  within  the  body,  which  bisects  every  diameter  of  the  body 
drawn  through  it,  that  point  is  also  the  centre  of  gravity  of  the 
body. 

Amongst  the  bodies  which  answer  this  description  are,  the 
sphere,  l£e  ellipsoid,  the  circular  cylinder,  the  eUiptic  cylinder, 
prisms  whose  bases  have  centres  of  figure,  and  parallelopipeds, 
whether  right  or  oblique. 

II.  The  common  centre  of  gra^nty  ofase^  of  bodies  whose  several 
centres  of  gravity  are  known,  is  the  cent/re  of  paraUd  forces  for  the 
weights  of  the  several  bodies,  each  considered  as  aicting  through 
its  centre  of  gravity.     (See  Article  98,  p.  144.) 

III.  If  a  homogeneous  body  be  of  a  figure  which  is  symmetrical 
on  either  side  of  a  given  plane,  the  centre  of  gravity  is  in  that  plane. 
If  two  or  more  such  pkmes  of  symmetry  intei^sect  in  one  line,  or  cuds 
of  symmetry,  the  centre  of  gravity  is  in  that  axis.  K  three  or  more 
planes  of  symmetry  intersect  each  other  in  a  point,  that  point  is 
the  centre  of  gravily. 
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IV.  To  find  the  oentane  of  gravity  of  a  komogeriMUB  body  of  any 
figure,  assame  three  rectangular  co-ordinate  planes  in  any  con- 
Tenient  position,  as  in  fig.  67,  p.  145. 

To  find  the  distance  of  the  centre  of  gravity  of  the  body  from 
one  of  those  planes  (for  example,  that  of  Y  Z),  conceive  the  body 
to  be  divided  into  indefinitely  thin  plane  layers  parallel  to  that 
plana  Let  s  denote  the  area  of  any  one  of  those  layers,  and  cf «  its 
thickness,  so  that  8dx\A  the  volume  of  the  layer,  and 


'=  I  sdxy 


the  volume  of  the  whole  body,  being  the  sum  of  the  volumes  of 
the  layers.  Let  x  be  the  perpendicular  distance  of  the  centre  of 
the  layer  sdx  from  the  plane  of  Y  Z.  Then  the  perpendicular 
distance  x^  of  the  centre  of  gravity  of  the  body  from  that  plane  is 
given  by  the  equation 

^J-^^. (1.) 

Find,  by  a  similar  process,  the  distances  y,,  z„  of  the  centre  of 
gravity  frx)m  the  other  two  co-ordinate  planes,  and  its  position  will 
be  completely  determined. 

If  the  centre  of  gravity  is  previously  known  to  be  in  a  particular 
plane,  it  is  sufiicient  to  find  by  the  above  process  its  distances  from 
two  planes  perpendicular  to  that  plane  and  to  each  other. 

If  the  centre  of  gravity  is  previously  known  to  be  in  a  particular 
Hne,  it  is  sufficient  to  find  its  distance  from  one  plane,  perpendicular 
to  tiiat  line. 

Y,  If  ^  specific  gravity  of  the  body  varies,  let  w  be  the  mean 
heaviness  of  the  layer  sdx,  90  that 

W=  fwsdx, 
is  tlie  weight  of  the  body.     Then 

w     ^  ' 

VL  Cenire  of  Gramty  found  by  Addition. — When  the  figure  of  a 
body  consists  of  parts,  whose  respective  centres  of  gravity  are 
known,  the  centre  of  gravity  of  the  whole  is  to  be  found  as  in 
GaselL 
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Fig.  68. 


\ 


VIL-  Centre  of  Gravity  found  by  Suhtractian, — ^When  the  figure 
^  of  a  Homogeneous  body,  whose  centre  of 

gravity  is  sought,  can  be  made  by  taking 
away  a  figure  whose  centre  of  gravity  is 
known  from  a  larger  figure  whose  centre 
of  gravity  is  known  also,  the  following 
method  may  be  used. 

Let  A  0  D  be  the  larger  figure,  G,  its 
known  centre  of  gravity,  W^  its  weight. 
Let  A  B  £  be  the  smaller  figure,  whose 
centre  of  gravity  G«  is  known,  Wg  its 
weight.  Let  E  B  C  D  be  the  figure  whose 
centre  of  gravity  G^  is  sought,  made  by  taking  away  ABE  from 
from  A  C  D,  so  that  its  weight  is 

Join  Gi  Ggj  Gg  will  be  in  the  prolongation  of  that  straight  line  be- 
yond G^.     In  the  same  straight  line  produced,  take  any  point  O  as 
origin  of  co-ordinates.     Make  OGj  =a? ;  OG^zzajj,  0  Gg  (the  un- 
known quantity)  =  x^  ' 
Then 

^8-    Wi-Wa    


(3.) 


VIII. 


Centre  of  Gravity  Altered  by  Transposition. — In  fig.  69,  let 
A  B  C  D  be  a  body  of  the  weight  W^ 
whose  centre  of  gravity  G<,  is  known.  Let 
the  figure  of  this  body  be  altered,  by  trans- 
posing a  part  whose  weight  is  W^,  from  the 
position  E  C  F  to  the  position  JF  D  H,  so 
that  the  new  figure  of  the  body  is  A  B  H  E. 
Let  G^  be  the  original,  and  G^  the  new 
position  of  the  centre  of  gravity  of  the 
transposed  part.  Then  the  centre  of  gravity 
of  the  whole  body  will  be  shifted  to  Gg,  in 


Fig.  69. 


a  direction  Gq  Gg  parallel  to  Gg  €^  and 
through  a  distance  given  by  the  formula 

5;^s=g:gj^^ (4) 


IX.  Centre  of  Gravity  found  by  Projection  or  Transformation. 
— ^If  the  figures  of  two  homogeneous  bodies  are  parallel  projections 
of  each  other,  the  centres  of  gravity  of  those  two  bodies  are  corres- 
ponding points  in  those  parallel  projections. 
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To  expreBB  this  symbolically, — as  in  Article  101,  let  x^  y,  z^he 
the  co-ordinates,  rectangular  or  obliqne,  of  any  point  in  the  figure 
of  the  first  body;  a/,  t/,  z\  those  of  the  corresponding  point  in  the 
second  body;  x„  y„  z^  the  co-ordinates  of  the  centre  of  gravity  of 
the  first  body;  d„  ^„  s^„  those  of  the  centre  of  gravity  of  tibe  second 
body;  then 

?^=^;  Il^i.  y?=^ (5.) 

This  theorem  facilitates  mnch  the  finding  of  the  centres  of  gravity 
of  figures  which  are  parallel  projections  of  more  simple  or  more 
sjrmmetrical  figures. 

For  example,  let  it  be  supposed  that  a  formula  is  known  (which 
will  be  given  in  p.  157)  for 
finding  the  centre  of  gravity  of  a 
sector  of  a  circular  disc,  and  let  it 
be  required  to  find  the  centre  of 
gravity  of  a  sector  of  an  elliptic 
disc:  In  fig.  70,  let  A  F  A  F  be 
the  ellipse,  A  O  A  =  2  a,  and 
F  O  F  =  2  6,  its  axes,  and  C  O  ]> 
the  sector  whose  centre  of  gravity 
is  required.  About  the  centre  of 
the  ellipse,  O,  describe  the  circle, 
A  £  A  B,  whose  radius  is  tlie  semi- 
axis  major  a.  Through  Of  and  D' 
respectively  drawE  C  C  and  PD'D, 
parallel  to  O  B,  and  cutting  the  circle  in  C  and  D  respectively;  the 
circular  sector  C  O  D  is  the  parallel  projection  of  the  elliptic 
sector  C  O  D'.  Let  G  be  the  centre  of  gravity  of  the  sector  of  the 
circular  disc,  its  co-ordinates  being 

Then  the  co-ordinates  of  the  centre  of  gravity  G'  of  the  sector  of 
the  elliptic  disc  are 

OH  =  a/,=a;,;  \ 

a    ) 

X.  Centre  of  Gravity  found  Experimentally, — The  centre  of 
gravity  of  a  body  of  moderate  size  may  be  fouad  approximately  by 
experiment,  by  hanging  it  up  successively  by  a  single  cord  in  two 


(6.) 
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different  positions,  and  finding  the  single  point  in  the  body  which 
in  both  positions  is  intersected  by  the  axis  of  the  cord. 

105.   Bx«mi^lea*rWelvhta«n4CenurM*fOniTitr.     {A,  M.y  83.) — 

The  following  examples  consist  of  formulae  for  the  weight,  and  the 
position  of  the  centre  of  gravity,  of  homogeneous  bodies  of  those 
forms  which  most  commonly  occur  in  practice.  In  each  case  w  de- 
notes the  heaviness  of  the  body,  W,  its  weight,  and  x^,  Ac,  the  co- 
ordinates of  its  centre  of  gravity,  which  in  the  diagrams  is  marked 
G,  the  origin  of  co-ordinates  being  marked  O. 


A. — Prisms  and  Ctunders  with  Parallel  Bases. 

The  word  cylinder  is  here  to  be  taken  in  its  most  general  mean- 
ing, as  comprehending  all  solids  traced  by  the  motion  of  a  plane 
curvilinear  figure  parallel  to  itself. 

The  examples  here  given  apply  to  flat  plates  of  uniform  thick- 


In  the  formulae  for  weights,  the  length  or  thickness  is  siipposed 
to  be  unity. 

The  centre  of  gravity,  in  each  case,  is  at  the  middle  of  the  length 
(or  thickness);  and  the  formulae  give  its  situation  in  the 'plane 
figure  which  i-epresents  the  cross  section  of  the  prism  or  cylinder, 
and  which  is  specified  at  the  commencement  of  each  example. 

I.  Triangle, — (Pig.  71.)  O,  any  angle.  Bisect 
opposite  side  B  C  in  D.     Join  4f  I^. 


W  = 


2 


FJg.71. 


11.  Polygon. — Divide  it  into  triangles;  find 
the  centre  of  gravity  of  each;  then  find  their 
common  centre  of  gravity  as  in  Article  104, 
Case  II.,  p.  152. 

IIL    TVapeaotc?.— (Fig.    72.) 

ABIICE. 

Greatest  breadth,  A  B  =  B. 
Least  „         C  E  =  6. 

Bisect  A  B  in  O,  C  E  in  D; 
join  O  D. 

_-     ODA      1   B-.6\ 
^*=^^=-l"V^""3B+67 


W  =  wOD 


CBMTRB  or  GBAYITT. 
B  +  6 
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gin^^DOR 


IV.  Tfupeztnd.'-iQeooiid  8olntioiL>-<Fig.  73.) 
0,  point  where  inclined  sides  meet     Let  O  F 

_  2    aj—aj 

W=tt7-^=^sin^.^0FR 

(cotan.^0  A  B  H-cotan  .^  0  B  A). 

V.  Parabolic  Hdlf-SejmeTU. — 
(0  A  B,  fig.  74.) _0,  vertex^ 
diameter  OX;  OAsso;.;  A  B 
=  yp  ordinate  II  tangent  OCY.    ^ 

3  3 


ng.74. 


VL  Faraholic  SpandrU.-^0  B  C,  fig.  74.)  G',  centre  of  gravity, 
3  3  1 


VIL  Circular  Sector,— {O  A  C,  fig.  75.)    Let  O  X  bisect  the 
angle  A  OC;  0  YJ-OX.  x 

Badins  O  A  =  r 

Half-arc,  to  radius  nnity,  ^^     ^  =  ^. 
2     sintf  ^      i 


Fig.  75. 
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VIIL  Circular  ffalf'Segment.^ABX,  Fig.  75.) 
_  2    ^       sin'  ^        ^  2 

IX.  Circular  Spandril.^A  D  X,  Fig.  75.) 

*^"'3'"2  8m^-Bin^cos^-/ 

-      3  sin*  ^-2  sin*  #008 1-4  sin*  J 

^^"^3*"         2sin#-sin#oo8#-# 

W  =  «^*  f  sin^-xsinloos  ^-"jy 

X.  Sector  o/Bing.^A  C  F  E,  Fig.  75.)  OA  =  r;  OE  =  /. 
2  r8-^r^  sintf  ^ 

W  =  w(r2-»^)l. 

XL  EUiptic  Sector,  HaLf'Segmenl,  or  Spamdril — Centre  of  gravity 
to  be  found  by  projection  from  that  of  corresponding  circular  figure^ 
as  in  Article  104,  Case  IX.,  p.  154. 

B.— Wedges. 
XII.  General  FontmlcBfor  Wedges. — (Fig.  76.)    All  wedges  may 
be  divided  into  parts  such  as  the  figure  here  represented.     O  A  Y, 
O  X  Y,  planes  meeting  in  the  edge  O  Y;  A  X  Y,  cylindrical  (or  pris- 
matic) sur&ce  perpendicular  to  the 
plane  O  X  Y;  O  X  A,  plane  triangle 
perpendicular  to  the  edge  O  Y ;  O  Z, 
axis  perpendicular  to  XOY.   Let  OX 

=  aJi;XA  =  «i.     Then«=-1 — ; 


W-w-^  fxydx 

/■ 

7 >yo — 7 >  *^""T»" 

Jxydx  2jxy'dx  ^ 


ja^ydx  fxf^'dx 
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(Thifl  last  equation  denotes  that  G  is  in  the  plane  which  trayerses 
0  Y  and  bisects  A  X.) 

In  a  symmetrical  wedge,  if  O  be  taken  at  the  middle  of  the  edge, 
y^  =  0.  Such  is  the  case  in  the  following  examples,  in  each  of 
whichy  length  of  edge  =2y^, 

XIII.  ReeUmgvlcur  Fa^«.—{  =  Triangular  Prism.)— (Fig.  77.) 


2 


W  =  wa?iyi«i;  ab=«a?i. 


Fig.  77. 


XIV.  Triangular  ir«^&—(  =  Triangular  Pjn^mid.)— ^Fig.  78.) 


w     1  1 


XV.  Semicircular  TTed^di— (Kg.  79.) 
Radius  OX=OY  =  r. 


F!g.  78. 


ng79. 


XVI.  Anntdar,  or  Hollow  Semicircular  Wedge,^F\g,  80.) 
External  radius^  r;  internal  t^. 
2 


^=3    f^'{^'r'^)j'>^- 


3jr    y*  -  f/4 

16  'W:rpir 


Fig.  80. 


C.  — Ck)SES  AND  Pybaiodb. 


Let  O  denote  the  apex  of  the  cone  or  pyramid,  taken  as  the 
origin,  and  X  the  centre  of  gravity  of  a  supposed  flat  plate  whose 
middle  section  .coincides  with  the  base  of  the  cone,  or  pyramid. 
The  centre  of  gravity  will  lie  in  the  axis  O  X. 
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Denote  the  area  of  the  baae  by  A,  and  the  angle  which  it  makes 
with  the  axis  by  ^. 

XVII.  Complete  Gone  or  Pyramid, — ^Let  the  height  O  X  =  A; 

3  1 

a^ssr  jAj  W=  «  wAAsinl. 

XVIII.  Truncated  G(me  or  PyramMd. — Height  of  portion  trun- 
cated ==  A'. 

3    A*  — A'*    ^       1       .  .    A       ^'^   .    . 


D.— PoBTiONS  or  A  Sphere. 

XIX.  Z(yM  or  Ring  of  a  Sphericod  Shdl,  bounded  by  two  conical 
|x  surfaces  having  their  common  apex 

at  the  centre  O  of  the  sphere  (fig.  81). 

O  X,  axis  of  cones  and  asone. 
r,  e^rternal  radius  )f^^jj^ 
r,  internal  radms  j 
,^  X  0  A  =  «,half-angleof  less  \  _„^ 
^X0B  =  /3,       „       greater/ ^''^• 
F!g.81. 

^  3    r*  —  /*    COB  m  +  coBfi 
^0  — :j  >_^'  2 

XX.  Sector  of  a  Eemispliencal  Shdl-^Q  X  D,  fig.  82.)     O  Y 
f    bisects  angle  DOC;  |  D  O  C  =  ^. 


_3    r*  — /*, 


3  X  r*  —  /*    sin  ^ 


-  16    r^  —  1^  ■    i" 


Fig.  82. 
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106.  Wmm    If  iMcMltr.  BeMltaM,  ^mmnn.  mmA  Hmwm.     {A.  M,, 

86  to  89.) — The  word  Stress  has  been  adopted  as  a  general  term  to 
comprehend  yarious  forces  which  are  exerted  between  contiguous 
bodies,  or  parts  of  bodies,  and  which  are  distributed  over  the  sur- 
fiioe  of  contact  of  the  masses  between  which  they  act. 

The  Inteksitt  of  a  stress  ia  its  amount  in  units  of  weight, 
divided  by  the  extent  of  the  surface  over  which  it  acts,  in  units  of 
area 

The  following  table  gives  a  comparison  of  various  units  in  which 
the  intensity  of  stress  is  expressed : — 

Pounds  on  the  Ponndi  on  the 

aqnarafiwc  •qnaieinch. 

One  pound  on  the  square  inch» 144  i 

One  pound  on  the  square  foot, i  y  1^ 

One  inch  of  mercury  (that  is,  w^eight 

of  a  column  of  mercury  at  32® 

Pahr.,  one  inch  high),  70'73  0-4912 

One  foot  of  water  (at  39**-l  FahrA  62-425  04335 

One  inch  of  water  (at  39** -1  Fahr.),  5-2021  0-036125 

One  foot  of  water  (at  62<>  Fahr.),...  62-355  0-43302 

One  inch  of  water  (at  62°  Fahr.),...  5-19625  0-036085 
One  atmosphere,  <^  39*922  inches 

of  mercury,  or  760  millimetres,  21 16-4  14-7 
One  foot  of  air,  at  32''  Fahr.,  and 

under  the  pressure  of  one  atmo- 

^here,  0-080728  0*0005606 

One  kilogramme    on    the  square 

m^tre,    0*20481  0*00142228 

One  kilogramme   on    the  square 

millimetre, 204810  1422-28 

One  millimetre  of  mercury, 2-7847  0-01934 

The  various  kinds  of  stress  may  he  thus  classed : — 

L  Thrttst,  or  Pressure,  is  the  force  which  acts  hetween  two  con- 
tiguous bodies,  or  parts  of  a  body,  when  each  pushes  the  other  from 
itsel£ 

II.  PvUy  or  Tension,  is  the  force  which  acts  between  two  con- 
tiguous bodies,  or  parts  of  a  body,  when  each  draws  the  other 
towards  itself. 

Pressxu-e  and  tension  may  be  either  norrrud  or  Mique,  relatively 
to  the  surface  at  which  they  act 

IIL  Shea/r,  or  Tangential  Stress,  is  the  force  which  acts  between 
two  contiguous  bodies,  or  parts  of  a  body,  when  each  draws  the  other 
bideways,  in  a  direction  parallel  to  their  surface  of  contact. 

In  expressing  a  Thrust  and  a  Pull  in  parallel  directions  algebrai- 

H 
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cally,  if  one  is  treated  as  positive,  the  other  must  be  treated  aa 
negative.  The  choice  of  the  positive  or  negative  sign  for  either  is 
a  matter  of  convenience. 

The  word  "Pressu/re"  although,  strictly  speaking,  equivalent  to 
"thrust,"  is  sometimes  applied  to  stress  in  general;  and  when  thi^ 
is  the  case,  it  is  to  be  understood  that  thrust  is  treated  as  positive. 

The  following  are  the  processes  for  finding  the  moffnitude  of  t^ur 
resultant  of  a  stress  distributed  over  a  plane  surface,  and  the  cevUre 
of  stress;  that  is,  the  point  where  the  line  of  action  of  that  resultant 
cuts  the  plane  surface: — 

I.  If  t/ie  stress  is  of  uniform  intensity^  the  magnitude  of  its  re- 
sultant is  the  product  of  that  intensity  and  the  area  of  the  surface ; 
and  the  centre  of  stress  is  at  the  centre  of  gravity  of  the  surface. 
Or  in  symbols,  let  S  be  the  area  of  the  surface,  p  the  intensity  of 
the  stress,  P  its  resultant,  then —  ' 

P=pS (1.) 

TL  If  the  stress  is  of  varying  intensity,  but  of  one  sign;  that  is, 
all  tension,  or  all  pressure,  or  all  shear  in  one  direction. 

In  fig.  83,  let  A  A  be  the  given  plane  surface  at  which  the  stress 

acts;  O  X,  O  y,  two  rectangular  axes  of  co-ordinates  in  its  plane; 

^  O  Z,  a  third  axis  perpendicular  to  that  plane. 

i;^'^^ — \  Conceive  a  solid  to  eaust,  bounded  at  one  end 

^^ — v>B         by  the  given  plane  surface  A  A,  laterally  by  a 

cylindrical  or  prismatic  surface  generated  by 

the  motion  of  a  straight  line  parallel  to  O  Z 

round  the  outline  of  A  A,  and  at  the  other 

end  by  a  surface  B  B,  of  such  a  figure,  that  its 

^'     '  ordinate  z  at  any  point  shall  be  proportional  to 

the  intensity  of  the  stress  at  the  point  a  of  the  surface  A  A  fix)m 

which  that  ordinate  proceeds,  as  shown  by  the  equation 

«  =  £ (2.) 

w 

Conceive  the  surface  A  A  to  be  divided  into  an  indefinite  number 
of  small  rectangular  areas,  each  denoted  hjdxdy,  and  so  small  that 
the  stress  on  each  is  sensibly  uniform;  the  entire  area  being 

S=  I  fdxdy. 

The  volume  of  the  ideal  solid  wiU  be 

Y=  f  fz'dxdy. (3.) 

So  that  if  it  be  conceived  to  consist  of  a  material  whose  heaviness 
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isto=~,  the  amount  of  the  stress  v^iU  be  equal  to  the  weight  of  the 
z 

solid;  that  is  to  say, 

T=  j  jpdxdy  =  tvY (4.) 

The  centre  of  stress  is  the  point  on  the  surface  A  A  perpendicularly 
opposite  the  centre  of  gravity  of  the  ideal  solid 

The  simplest,  and  at  the  same  time  the  commonest  case  of  this 
kind  is  where  the  stress  is  unifarmly-varying;  that  is,  where  its 
intensity  at  a  given  point  is  simply  proportional  to  the  perpendicular 
distance  of  that  point  from  a  given  straight  line  in  the  plane  of  the 
surface  A  A.  The  ideal  solid  is  now  either  a  wedge,  or  a  figure 
that  can  be  made  by  adding  and  subtracting  wedges;  so  that  the 
resultant  and  centre  of  stress  are  to  be  found  by  the  methods  of 
Article  105,  Cases  XII.  to  XVI.,  and  Article  104,  Cases  II.  and 
YIL  To  express  this  symbolically,  take  the  straight  line  in  ques- 
tion for  the  axis  O  Y;  conceive  the  surface  to  be  divided  into  bands 
by  lines  parallel  to  O  Y;  let  y  denote  the  length  of  one  of  these 

bands,  and  dx  its  breadth,  so  that  ydx  is  its  area,  and  S  =  i  ydx 

the  area  of  the  whole  sur&ce.  Let  x  be  the  perpendicular  distance 
of  the  centre  of  a.  band  from  the  line  of  no  stress  O  Y,  and  let  the 
intensity  of  the  stress  there  be 

p  =  ax; (5,) 

a  being  a  constant  co-efficient;  then  the  amount  or  resultant  of  the 
stress  is 

'P=  fpydx  =  aj  xf/dx; (6.) 

and  the  perpendicular  distance  of  the  centre  of  stress  from  O  Y  is 

jpxydx     ajsfiydx 

*o= -7      ■z—=         p       ....(7.) 

jpydx 

Examples  of  this  case  will  be  given  in  treating  of  the  pressure  of 
water  and  of  earth,  and  the  stability  of  masonry. 

III.  When  the  stress  is  of  contrary  signs;  for  example,  pressure 
at  one  part  of  the  sur&ce  and  tension  at  another,  the  resultants  and 
centres  of  stress  of  the  pressure  and  tension  are  to  be  found  sepa- 
rately. Those  partial  r^ultants  are  then  to  be  treated  as  a  pair  of 
parallel  forces  acting  through  the  two  respective  centres  of  stress ; 
their  final  resultant  will  be  equal  to  their  difference,  if  any,  acting 
through  a  point  found  as  in  Article  97,  Case  lY.,  p.  141. 

If  the  t^tal  pressure  and  total  tension  are  equal  to  each  other, 
they  have  no  single  resultant  a^d  no  single  centre  of  stress :  their 
resultant  being  a  couple,  whose  moment  is  equal  to  the  total  stress 
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of  either  kind  multiplied  by  the  perpendicular  distance  between  the 
resultant  of  the  pressure  and  the  resultant  of  the  tension.  Ex- 
amples of  this  case  will  be  given  in  treating  of  the  strength  of 
beama 

107.  PvMMUc  and  Balanee  of  FIhM*— PriaciplM  of  faydr>irtatica. 
•—Fluid  is  a  term  opposed  to  solid,  and  comprehending  the  liquid 
and  caseous  conditions  of  bodies.  The  property  common  to  the 
liquid  and  the  gaseous  conditions  is  that  of  not  tending  to  preserve  a 
defirwte  shape,  and  the  possession  of  this  property  by  a  body  in 
perfection  throughout  all  its  parts,  constitutes  that  body  a  perfect 
fluid. 

A  necessary  consequence  of  that  property  is  the  following  prin- 
ciple, which  is  the  foundation  of  the  whole  science  of  hydrostatics : — 

I.  In  a  perfect  fAiid,  when  stiU,  the  pressure  exerted  at  a  given 
point  is  normal  to  the  surface  on  which  it  acts,  and  of  eqwd  intenstty 
for  aU  positions  of  that  surface. 

The  following  are  some  of  the  most  useful  consequences  of  that 
principle : — 

II.  A  SM/rface  of  equal  presswre  in  a  stiU  fludd  mass  is  everyu)fiere 
perpendicular  to  the  direction  ofgramvty;  that  is,  horizontal  through- 
out. In  other  words,  the  pressure  at  sdl  points  at  the  same  level  is 
of  equal  intensity. 

III.  The  intensUy  of  tlie  pressure  at  the  louder  of  two  points  in  a 
stiUflmd  mass  is  greater  than  the  intensity  at  the  higher  point,  by  an 
amount  equal  to  the  weight  of  a  vertical  column  of  the  fluid  ujkose 
height  is  the  difference  of  devation  of  the  points,  omd  base  an  unit  of 
area. 

To  express  this  symbolically,  let  p^  denote  the  intensity  of  the 
pressure  at  the  higher  of  two  points  in  a  fluid  mass,  and  p^  the 
intensity  at  a  point  whose  vertical  depth  below  the  former  point  is 
X.  Let  w  be  the  mean  heaviness  of  the  layer  of  fluid  between  those 
two  points;  then 

p^^p^-^wx. (1) 

In  a  gas,  such  as  air,  w  varies,  being  nearly  proportional  to  p\  but 
in  a  liquid,  such  as  water,  the  variations  of  w  are  too  small  to  be 
considered  in  practical  cases. 

For  example,  let  the  upper  of  the  two  points  be  the  surface  of  a 
mass  of  water  where  it  is  exposed  to  the  air ;  then  p^  is  the  atmos- 
pheric pressure;  let  the  depth  x  of  the  second  point  below  the 
surface  be  given  in  feet,  and  let  the  temperature  be  39® -1 ;  then 

Pi  in  lbs.  on  the  square  foot =Pq+  62*425  a, (2.) 

In  many  questions  relating  to  engineering,  the  pressure  of  the 
atmosphere  may  be  left  out  of  consideration,  as  it  acts  with  sensibly 
equal  intensity  on  all  sides  of  the  bodies  exposed  to  it,  and  so 
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Glances  its  own  action.  The  pressnre|  calculated,  in  such  cases,  in 
the  excess  of  the  pressure  of  the  water  above  the  atmospheric 
pressiurey  which  may  be  thus  expressed, — 

p'^Pi-Po  =  S2'ix  nearly. (3.) 

I"V.  The  pressure  of  a  liquid  on  a  floating  or  immersed  hody^  is 
equal  to  the  weight  of  the  volume  of  fluid  displaced  by  that  body ; 
and  the  resultant  of  that  pressure  acts  vertically  upwards  through 
the  centre  of  gravity  of  that  volume;  which  centre  of  gravity  is 
called  the  ** centre  of  buoyancy,"* 

V.  The  pressure  of  a  liquid  against  a  plane  surface  immersed  in 
it  is  perpendicular  to  that  surface  in  direction :  its  magnitude  is 
equal  to  the  weight  of  a  volume  of  the  liquid,  found  by  multiplying 
the  area  of  the  surface  by  the  depth  to  which  its  centre  of  gravity 
is  immersed. 

YL  The  centre  of  pressure  on  such  a  surface,  if  the  sur&ce  is 
horizontal,  coiocides  with  its  centre  of  gravity;  if  the  surfiice  is 
vertical  or  sloping,  the  centre  of  pressure  is  always  below  the  centre 
of  gravity  of  the  surface,  and  is  found  by  considering  that  the 
pressore  is  an  uniformly-varying  stress,  whose  intensity  at  a  given 
point  varies  as  the  distance  of  that  point  from  the  line  where  the 
given  plane  sur&ce  (produced  if  necessaiy)  intersects  the  upper 
snzface  of  the  liquid. 

To  express  the  last  two  principles  by  isymbols  in  the  case  in  which 
the  pressed  sur&ce  is  vertical  or  sloping,  let  the  line  where  the 
plane  of  that  surface  cuts  the  upper  sur&ce  of  the  liquid  be  taken 
as  the  axis  0  T.  Let  ^  denote  the  angle  of  inclination  of  the 
pressed  sur&ce  to  the  horizon.  Conceive  that  sur£&oe  to  be  divided 
by  parallel  horizontal  lines  into  an  indefinite  number  of  nanx>w 
bands.  Let  y  be  the  length  of  any  one  of  those  bands,  c^a;  its 
breadth,  x  the  distance  of  its  centre  from  O  Y;  then  ydx  is  its 
area,  as  sin  ^  the  depth  at  which  it  is  immersed;  and  if  to  be  the 
weight  of  unity  of  volume  of  the  fluid,  the  intensity  of  the  pressure 
on  that  band  is 

p==wxBm^. (4.) 

The  whole  area  of  the  pressed  surface,  being  the  sum  of  the  areas 

of  all  the  bandsy  is  S  =  /  y  dx;  the  whole  pressure  upon  it  is 

T^  j pydx=ioaiii  J  xydx] (5.) 

The  mean  intensity  of  the  pressure  is 

p      jpydx  fxydx 

-a=  '^ =tt;sin  ^^ ; (6.) 

J  ydx  J  ydx 
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and  the  distance  of  the  centre  of  pressure  from  O  T  is 


\  xpydx       js^ydx 
J  xydx 


(7.) 


For  example,  let  the  sloping  pressed  surface  be  rectangular,  like 
a  sluice,  or  the  back  of  a  reservoir- wall;  and  in  the  first  instance, 
let  it  extend  from  the  surface  of  a  mass  of  water  down  to  a  distance 
x^j  measured  along  the  slope,  so  that  its  lower  edge  is  immersed  to 
the  depth  x^  sin  B.  Then  its  centre  of  graviiy  is  immersed  to  the 
depth  0^  sin  ^  -r  2,  and  the  mean  intensity  of  the  pressure  in  lbs.  on 
the  square  foot,  is 

P      62-4  a;,  sin  I  ,q  v 

S= 2 •  ^^'^ 

The  breadth  y  is  constant;  so  that  the  area  of  the  sur&oe  is 
S  =  a^  ^;  and  the  total  pressure  is 

p_62-4  g^ysin^  .^v 

The  distance  of  the  centre  of  pressure  from  the  upper  edge  is 

«i,=  I  'X,.  (1«.) 

Next,  let  the  upper  edge,  instead  of  being  at  the  sur&ce  of  the 
water,  be  at  the  distance  x^  from  it,  so  as  to  be  immersed  to  the 
depth  x^  sin  ^.  Then  the  centre  of  gravity  of  the  pressed  surface 
is  immersed  to  the  depth  {x,  +  iCg)  sin  ^  ^  2,  and  the  mean  intensity 
of  the  pressure  upon  it,  in  lbs.  on  the  square  foot,  is 

P 62*4 (a;^  +  iCg)  ^  ^  n^\ 

S 2  '  ^     ^^ 

the  area  of  the  surface  is  {x^  — x^  y,  and  the  total  pressure  on  it 

p^62-4(a:;  — aQy  sin  ^  ^^2.) 

The  distance  of  the  centre  of  pressure  from  the  line  O  Y  is 

'^=  I  '3^ <^3) 

108.  Comp««iid  Intisnial  SdrcM  of  Solids.  {A.  M,,  96  to  113.) — 
If  a  body  be  conceived  to  be  divided  into  two  psirts  by  an  ideal 
plane  traversing  it  in  any  direction,  the  force  exerted  between 
those  two  parts  at  the  plane  of  division  is  an  internal  stress. 
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Kccot^  V>  ^^  t^te,**^*^^  J^.J^^  preceding  article,  the 
mtenuil  8tT«a^\y.  ^^^^  C*?^^  ,^?^  ^  ^^d  la  normal  and  of  equal 
iutenaty  lor  aXi  ^^ot>^  ^J^*^^  ^<leal  plane  of  dirision.  In  a  solid 
\x)dy,  on  the  otW  \tfSV<*>  ^^^.  stress  may  be  either  normal,  oblique, 
«r^«iring;  aiid*\\.  may  ^**y  ^  directioii  and  intensity,  as  the  poai- 
tion  of  the  ideal  pkiie  o]  avviaon  v&ries. 

If  the  diiection  and  ititensity  of  the  stress  at  a  giyen  ix>int  in  a 
aoUd  mass  are  ^vea  for  three  positions  of  the  pkne  of  division, 
they  can  be  found  for  any  poaitioxi  ^whatsoever.  It  is  unnecessary 
in  the  present  treataae  to  give  the  methods  of  solving  this  problem 
in  all  its  generality.  Certain  partictilar  cases  only  will  he  given, 
whidi  are  nsefol  in  the  theories  of  the  stability  of  earth  and  of  the 
strength  of  materials. 

L  Canjtigate  Stresses— PriTicipal  Stresses. — If  two  planes  traverse 
a  point  in  a  body,  and  the  direction  of  the  stress  on  the  fii-st  plane 
is  parallel  to  the  second  plane,  then  the  direction  of  the  stress  on 
the  second  plane  is  parallel  to  the  first  plana  Such  a  pair  of 
utreases  are  said  to  be  conjugcUe;  and  if  they  are  both  normal  to 
their  planes  of  application  (and  consequently  perpendicular  to  each 
other)  they  are  odled  principal  stresses.  Three  conjugate  stresses, 
or  three  principal  stresses,  may  act  through  one  point;  but  in  the 
present  treatise  it  is  sufficient  to  consider  two. 

Fig.  84  represents  a  pair  of  conjugate  oblique  tensions  acting  in 
the  directions  X  X  and  Y  Y  through  a 
prismatic  particle  A  B  C  D. 

The  rectangidar  directions  in  which 
princapai  stresses— that  is,  direct  pulls 
and  thrusts— act,  through  a  given  point 
in  a  solid,  are  called  axes  of  stress. 

In  a  fluid,  the  stress  at  a  given  point 
being  of  equal  intensity  in  all  direc- 
tions, every  direction  has  the  property 
of  an  axis  of  stresa     A  solid  may  be  w^  g4 

in  the  same  condition  with  a  fluid  as  ^'  **• 

to  stress;  but  it  may  also  have  the  principal  stresses  at  a  given  point 
of  different  intensities.  In  a  mass  of  loose  grains,  the  ratio  of 
those  intensities  has  a  limit  depending  on  friction,  as  will  after- 
wards be  more  fully  explained  in  treating  of  the  stability  of  earth : 

^in  a  firm  continuous  solid,  the  principal  stresses  at  a  point  may 

bear  any  ratio  to  each  other,  and  may  be  either  of  the  same  or  of 
opposite  kinds. 

LL  The  Shearing  Stress,  on  two  planes  traversing  a  point  in  a 
folid  at  right  angles  to  each  other,  is  of  equal  intensity. 

IJT.  A  Pair  of  Eqval  and  Opposite  Principal  Stresses;  that  is,  a 
pull  and  a  thrust  of  equal  intensity  acting  through  a  particle  of  a 
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solid  in  directions  at  right  angles  to  each  other,  are  equivalent  to 
a  pair  of  shearing  stresses  of  the  same  intensity  on  a  pair  of 
planes  at  right  angles  to  each  other,  and  making  angles  of  45"^ 
with  the  first  jiair  of  planes. 

IV.  CanMnation  of  any  Two  Principal  Stresses. 

Pbobleh. — A  pair  of  piincipal  stresses  of  any  intensities,  and  of 
the  same  or  opposite  kinds,  being  given,  it  is  required  to  find  the 
direction  and  intensity  of  the  stress  on  a  plane  in  any  position  at  right 
angles  to  the  plane  paraUel  to  which  the  two  principal  stresses  act. 

Let  O  X  and  O  Y  (figs.  85  and  86)  be  the  directions  of  the  two 
principal  stresses ;  O  X  being  the  direction  of  the  greater  stress. 

Let  /)^  be  the  intensity  of  the  greater  stress; 

and  p2  that  of  the  less. 


The  kind  of  stress  to  which  each  of  these  belongs,  pull  or  thrust, 
is  to  be  distinguished  by  means  of  the  algebraical  signs.  If  a  pull 
is  considered  as  positive,  a  thrust  is  to  be  considered  as  negative, 
and  vice  verad.  It  is  in  general  convenient  to  consider  that  kind  of 
stress  as  positive  to  which  the  greater  principal  stress  belongs. 
Fig.  85  represents  the  case  in  which  p^  and  /?«  ^^  ^^  ^^  same 
kind;  fig.  86  the  case  in  which  they  are  of  opposite  kind&  In  all 
the  following  equations,  the  sign  of  p^  is  held  to  be  implied  in  that 
symbol;  that  is  to  say,  when  jOg  ^  ^  *^^®  contrary  kind  to|9p  the 
sign  applied  to  its  arithmetical  value^  in  computing  by  means  of 
the  equations,  is  to  be  reversed. 

Let  A  £  be  the  plane  on  which  it  is  required  to  ascertain  the 
direction  and  intensity  of  the  stress,  and  O  N  a  normal  to  that 
plane,  making  with  the  axis  of  greatest  stress  the  angle 

.ci^XONssaw. 
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On  O  N  take  OM  = -*— ^-^*;  thia  will  represent  a  normal  stress  ^ 

on  A  B  of  the  same  kind  with  the  greater  principal  stress,  and  of  p 
an  intensity  which  is  a  mean  between  the  inteuiiities  of  the  two  ^ 
principal  stressea  ' 

Throngh  M  draw  P  M  Q,  making  with  the  axes  of  stress  the  'I 
same  angles  which  O  N  makes,  but  in  the  opposite  direction ;  that 
is  to  say,  take  MP  =  M  Q  =  MO.     On  the  line  thus  found  set 

off  from  M  towards  the  axis  of  greatest  stress,  MR  =^^  T^*' 

J  I 

Join  O  R      Then  will  that  line   represent  the  direction  and 
intensity  of  the  stress  on  A  B. 

The  algebraical  expression  of  this  solution  is  easily  obtained  by 
means  of  the  formuks  of  plane  trigonometry,  and  consists  of  the   ; 
two  foUowing  equations : —  jx^^  0M*4-  5fK*  - ^  -  **'•  >  '-  f  >!  '^  *• 

Intensity,  OR  or  p=  J[pl'cos^xn  + j^i  •  sin*  an]...(l.) 

A      •   -  >      i»»  -  ^t. 

Angle  of  obUquity,  N  O  R  ornr     '  '  ^"-^  =^.     ^    . 


=  arc  sin  •  f  sin2a5n'&-— &] (2.) 


2p 

This  obliquity  is  always  towards  the  axis  of  greatest  stress. 
In  fig:  85,  p^  and  p^  are  represented  as  being  of  the  same  kind ; 
and  M  R  is  consequently  less  than  O  M,  so  that  O  R  fidls  on  the 

aame  side  of  O  X  with  0  N;  that  is  to  say,  n  r  .^ a: »k_ In  fig.  86, 
Pi  9,jidp2  are  of  opposite  kinds,  MR  is  greater  than  O  M,  and  O  R 

&ll8  on  the  opposite  side  of  O  X  to  O  M;  that  is  to  say,  nrz^xn. 

The  locus  of  the  point  M  is  a  circle  of  the  radius    -  ^     ^*, 

and  that  of  the  point  R,  an  ellipse  whose  semi-axes  are  p^  and  p^ 
and  wliich  may  be  called  the  Elupse  of  Stress,  because  its  semi- 
diameter  in  any  direction  represents  the  intensity  of  the  stress  in 
that  direction, 
y.  Deviadan  of  Principal  Stresses  hy  a  Shearing  Stress, 
Pboblem. — Let  p,  and  p^  denote  the  original  intensities  of  a 
pair  of  principal  stresses  acting  at  right  angles  to  each  other 
through  one  particle  of  a  solid.     Suppose  that  with  these  there  is 
combined  a  shearing  stress  of  the  intensity  g,  acting  in  the  same 
plane  with  the  original  pulls  or  thrusts;  it  is  required  to  find  the 
new  intensities  and  new  directions  of  the  principal  stressea 
To  assist  the  conception  of  this  problem,  the  original  stresses 
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referred  to  are  represented  in  fig.  87,  as  acting  through  a  particle  of 
the  form  of  a  square  pidsm.  The  principal 
stresses,  both  original  and  new,  are  represented 
as  tensions,  although  any  or  all  of  them  might 
be  pressures.  In  the  formulae  annexed,  tensions 
are  considered  positive,  pressures  negative^ 
angles  lying  to  the  right  of  A  A  are  considered 
as  positive,  to  the  left  as  negative ;  and  a  shear- 
ing stress  is  considered  as  positive  or  negative 
according  as  it  tends  to  msdce  the  upper  right- 
hand  and  lower  left-hand  comer  of  the  square 
particle  acute  or  obtuse. 

The  arrows  A  A  represent  the  greater  original 
**•  ^^'  tension  p,;    the  ^^STB  B,  the  less  original 

tension  p^;  C,  C,  D,  D,  represent  the  positive  shear  of  the  inten- 
sity q,  as  acting  at  the  four  feces  of  the  particle.  The  combination 
of  this  shear  with  the  original  tensions  is  equivalent  to  a  new  pair 
of  principal  tensions,  oblique  to  the  original  pair.  The  greater  new 
principal  tension,  p^,  is  represented  by  the  arrows  E,  E;  it  deviates 
to  the  right  of  p,  through  an  angle  which  will  be  denoted  by  i. 
The  less  new  principal  tension  p^  is  represented  by  the  arrows  F,  F ; 
it  deviates  through  the  same  angle  to  the  right  oip^ 

Then  the  intensities  of  the  new  principal  stresses  are  given  by 
the  eq[uations, 

and  the  double  of  the  angle  of  deviation  by  either  of  the  following, 
tan  2  tf  =  -Ai_  ;  or  cotan  2  i  =  ^"^'. (4.) 

The  greatest  value  of  ^  is  45°,  when  p^  =Pf> 

The  new  principal  stresses  are  to  be  conceived  as  acting  normally 
on  the  faces  of  a  new  square  prism. 

109.  Parallel  ProjecUoH  of  DlvlrlbHted  Force*.— In  applying  the 
principles  of  parallel  projection  to  distributed  forces,  it  is  to  be  borne 
in  mind  that  those  principles,  as  stated  in  Article  101,  are  appli- 
cable to  lines  representing  the  amounts  or  residtants  of  distributed 
forces,  and  not  thdr  intensities.  The  relations  amongst  the  intensi- 
ties of  a  system  of  distributed  forces,  whose  resultants  have  been, 
obtained  by  the  method  of  projection,  are  to  be  arrived  at  by  a  sub- 
sequent process  of  dividing  each  projected  i-esultant  by  the  projected 
space  over  which  it  is  distributed. 


(3.) 
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110.  FrtctiM  {A.  Jf.,  189,  190,  191)  is  that  force  which  acta 
between  two  bodies  at  their  sur&oe  of  contact  so  as  to  remst  their 
sliding  on  each  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pressed  together.  It  is  a  kind  of  shearing  stress. 
The  foUowing  law  respecting  the  friction  of  solid  bodies  has  been 
ascertained  by  experiment : — 

The  friction  uhick  a  given  pair  of  solid  bodies,  vnth  their  surfaees 
in  a  gwen  condition,  are  capMe  of  exerting,  is  simply  proportional 
to  the  force  with  which  they  are  pressed  togeUver, 

If  a  body  be  acted  upon  by  a  force  tending  to  make  it  slide  on 
another,  then  so  long  as  that  force  does  not  exceed  the  amount  fixed 
by  this  law,  the  friction  will  be  equal  and  opposite  to  it,  and  will 
balance  it. 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  the 
pr^Bure  becomes  so  intense  as  to  crush  or  indent  the  parts  of  the 
bodies  at  and  near  their  surface  of  contact.  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressure;  but 
that  limit  ought  never  to  be  attained  in  any  structure.  For  some 
substances,  especially  those  whose  surfaces  are  sensibly  indented  by 
a  moderate  pressure,  such  as  timber,  the  friction  between  a  pair  of 
surfaces  which  have  remained  for  some  time  at  rest  relatively  to 
each  other,  is  somewhat  greater  than  that  between  the  same  pair  of 
sarfiaces  when  sliding  on  each  other.  That  excess,  however,  of  the 
fridion  of  rest  over  the^Hrfwrn  of  motion,  is  instantly  destroyed  by 
a  slight  vibration;  so  that  the  yru^ton  of  motion  is  alone  to  be  taken 
into  account,  as  contributing  to  the  stability  of  a  structure. 

The  friction  between  a  pair  of  surfaces  is  calculated  by  multiply- 
ing the  force  with  which  they  are  directly  pressed  together,  by  a 
&ctor  called  the  co-efficient  of  friction,  which  has  a  special  value 
depending  on  the  nature  of  the  materials  and  the  state  of  the  sur- 
faces. Let  F  denote  the  friction  between  a  pair  of  suifaces;  N, 
the  force,  in  a  direction  perpendicular  to  the  surfaces,  with  which 
they  are  pressed  together;  and /the  co-efficient  of  friction;  then 

F=/N. (1.) 

The  co-efficient  of  friction  of  a  given  pair  of  surfaces  is  the  tar^ 
gent  of  an  angle  called  the  angle  of  repose,  being  the  greatest  angle 
which  an  oblique  pressure  between  the  surfaces  can  make  with  a 
perpendicular  to  them,  without  making  them  slide  on  each  other. 

Let  P  denote  the  amount  of  an  oblique  pressure  between  two 
plane  surfaces,  inclined  to  their  common  normal  at  the  angle  of 
repose  ^;  then 

F=/lT  =  Ntan^  =  P8in^=-^-^^. (2.) 
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The  angle  of  repose  is  the  steepest  inclination  of  a  plane  to  the 
horizon,  *  at  which  a  block  of  a  given  substance  will  remalD 
balanced  on  it  without  sliding  down. 

The  irUensUy  of  the  friction  between  two  surfaces  bears  the  same 
proportion  to  the  intensity  of  the  pressure  that  the  whole  friction 
bears  to  the  whole  pressure. 

The  following  is  a  table  of  the  angle  of  repose  ^,  the  co-efficient 
of  friction /=  tan  (p,  and  its  reciprocal  I  :/,  for  various  matenala — 
condensed  from  the  tables  of  General  Morin,  and  other  sources,  and 
arranged  in  a  few  comprehensive  classes.  The  values  of  those 
constants  which  are  given  in  the  table  have  reference  to  the  friction 
of  motion. 


Surfaces. 


Dry  maaonry  end  brickwork, 

Maaoniy  and  brickwork  with  wet  mortar, 
Masonry  and  brickwork,  with  slightly  \ 

damp  mortar, / 

Wood  on  stone, 

Iron  on  stone, 

Masonry  on  dry  cU}*, 

„       on  moist  clay, 

EarUi  on  earth, 

„  „      diT  sand,  day,   and> 

mixed  earth, .' / 

„  „     damp  day, 

„  „      wet  day, 

„  „      shingle  and  gravel, 

Wood  on  wood,  dry, 

„  „     soaped,    

Metals  on  oak,  dry, 

It  If    '"•t, 

„  „    soapy, 

Metals  on  elm,  dry, 

Bronze  on  lignum  vits,  constantly  wet, 
Hemp  on  oak,  dry,  

tf  n     "•^  

Leather  on  oak, 

Leather  on  metals,  dry,   

»»  It       "^    • 

„  „       greasy,  

«  M       oily,   

Metals  on  metals,  dry, 

„  „      wet  and  dean, 

)}  n       damp  and  slimy, .... 

Smooth  snrfaces,  occasionally  greased,. 

„  „      oontmnally  greased, . 

Smoothest  and  best  greased  surfaoes,  . 


SI**  to  86° 
261*' 

22« 
Se**  to  16|* 

27° 

18i° 
14°  to  45° 

21°  to  87° 

46° 

17° 
86°  to  48° 
14°  to  26*° 
llJ°to2* 
26*°  to  81° 
18**  to  14*° 

11*° 
11*°  to  14° 

8°? 

28° 

18i° 

16°  to  19*° 

29J° 

20° 

18° 

81° 
81°  to  111° 

4°  to  4  J° 

8° 
li°  to  2° 


0-6  to  0-7 
0-47 

0-74 

aboot  0-4 
0-7  to  0-8 

0*61 

0-88 
0-26  to  1.0 

0-88  to  0-76 

1-0 

0-81 

0-7  to  111 

•26  to  -6 

•2  to -04 

•6  to -6 

•24  to  -26 

•2 

•2  to  -25 

•05? 

•68 

•88 
•27  to  -88 

•66 

•86 

•28 

•16 
•16  to  -2 

•8 

•14 
•07  to  -08 

•06 
•08  to  ^086 


I 
7 


1-67  to  1*48 
21 

1-86 

2-6 

1-48  to  8-88 

1-96 

8 

4tol 

2-63  to  1-83 

1 

8-28 

1-43  to  0-9 

4  to  2 

5  to  26 
2  to  1-67 

4-17  to  8-86 

6 

6to4 

20? 

1-89 

8 

8-7  to  2-86 

1^79 

2-78 

486 

6-67 

6-67  to  6 

8-88 

714 

14-3  to  12*6 

20 
88*3  to  27-6 
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SEcnoK  lY. — BcUanee  and  Stability  of  FramMs,  Chains,  Ribs,  and 

Blocks. 

{A.  M.,  137  to  21L) 

1 1 1.  A  Vnumm  ifl  a  stmcture  compoeed  of  bars,  rods,  links,  or 
cords,  attached  together  or  supported  hj  joints,  such  as  occur  in  car^ 
pentiy,  in  frames  of  metal  bars,  and  in  structures  of  ropes  and  chains, 
fixing  the  ends  of  two  or  more  pieces  together,  but  offering  little 
or  no  resLstance  to  change  in  the  relative  angular  positions  of  those 
pieces.  In  a  joint  of  this  class,  the  centre  of  resistance,  or  point 
through  which  the  resultant  of  the  resistance  to  displacement  of  the 
jHBoes  connected  at  the  joint  acts,  is  at  or  near  the  middle  of  the 
joint,  and  does  not  admit  of  any  variation  of  position  consistently 
with  security. 

The  Line  of  Eeeistanoe  of  a  frame  is  a  line  traversing  the  centres 
of  resistance  of  the  joints,  and  is  in  general  a  polygon,  having  its 
angles  at  these  centres. 

112.  A  Mai^  Bftr  in  a  frame  may  act  as  a  Tib,  a  Strut,  or  a 
Beam.     (A.  M.,  138  to  142.) 

I.  A  Tie  has  equal  and  directly  opposite  forces  applied  to  its  two 
ends,  acting  outwards,  or  from  each  other.  The  bar  is  in  a  state  of 
tensuniy  and  the  stress  exerted  between  any  two  divisions  of  it  is 
a  puU,  equal  and  opposite  to  the  applied  forces.  A  rope  or 
chain  will  answer  the  purpose  of  a  tie. 

The  equilibriimh  of  a  moveable  tie  is  stable;  for  if  its  angular  posi- 
tion be  deviated,  the  forces  applied  to  its  ends,  which  originally 
were  directly  opposed,  now  constitute  a  couple  tending  to  restore 
the  tie  to  its  original  position. 

IL  A  Strut  has  equal  and  directly  opposite  forces  applied  to  its 
two  ends,  acting  inwards,  or  towards  each  other.  The  bar  is  in  a 
state  of  compression,  and  the  stress  exerted  between  any  two  divi- 
sions of  it  is  a  ihrusi  equal  and  opposite  to  the  applied  forces.  It  is 
ob%'ious  that  a  flexible  body  will  not  answer  the  purpose  of  a  strut 

The  equilibrium  of  a  movetxble  strut  is  unstable;  for  if  its  angular 
position  be  deviated,  the  forces  applied  to  its  ends,  which  originally 
were  directly  opposed,  now  constitute  a  couple  tending  to  niake  it 
deviate  still  &rther  from  its  original  position. 

In  order  that  a  strut  may  have  stability,  its  ends  must  be  pre- 
vented from  deviating  lateiuUy.  Pieces  connected  with  the  ends 
of  a  stmt  for  this  purpose  are  called  stays, 

III.  A  Beam  is  a  bar  supported  at  two  points,  and  loaded  in  a 
direction  pei-pendicular  or  oblique  to  its  length. 

Case  I. — Let  the  supporting  pressures  be   parallel   to    each 
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other  and  to  the  direction  of  the  load ;  and  let  the  load  act  between 
the  points  of  snppoi-t,  as  in  fig.  88 ;  where  P  represents  the  result- 
ant of  the  gross  load,  including  the  weight 
of  the  beam  itself;  L,  the  point  where  the 
line  of  action  of  that  resultant  intersects  the 
axis  of  the  beam ;  Rj,  R^,  the  two  supporting 
pressures  or  resistances  of  the  props  parallel 
to,  and  in  the  same  plane  with  P,  and  acting 
through  the  points  S^,  S^,  in  the  axis  of  the  beam. 

Then,  according  to  the  principle  of  the  lever,  Article  97,  p.  141, 
each  of  those  three  forces  is  proportional  to  the  distance  between 
the  lines  of  action  of  the  other  two;  and  the  load  is  equal  to  the 
sum  of  the  two  supporting  pressures ;  that  is  to  say. 


r-r 


Fig.  88. 


P  :  Ri  :  R^  :  :  Si  Sj  :  L  Sj  :  L  Sj 


.(1.) 


Case  II.- 


fig.  89. 


1^ 

andP  =  Ri  +  R2. (2.) 

Let  the  load  act  het/ond  the  points  of  support,  as 
in  fig.  89,  which  represents  a  cantilever  or  pro- 
jecting beam,  held  up  by  a  wall  or  other  prop  at 
S^,  held  down  by  a  notch  in  a  mass  of  masonry 
or  otherwise  at  Sj,  and  loaded  so  that  P  is  the 
resultant  of  the  load,  including  the  weight  of 
the  beam.  Then  the  proportional  equation  (1.) 
remains  exactly  as  before;  but  the  load  is  equal 
to  the  difference  of  the  supporting  pressures;  that  is  to  say, 

P  =  Ri  — Rj. 

In  these  examples  the  beam  is  represented  as  horizontal;  but  the 
same  principles  would  hold  if  it  were  inclined. 

Case  III. — Let  the  directions  of  the  supporting  forces  R^,  Rj, 
be  now  inclined  to  that  of  the  resultant  of 
the  load,  P,  as  in  fig.  90.  This  case  is  that 
of  the  equilibrium  of  three  forces  treated 
of  in  Article  93,  p.  136,  and  consequently 
the  following  principles  apply  to  it: — 

The  lines  of  action  of  the  supporting 
forces  and  of  the  resultant  of  the  load  must 
be  in  one  plane. 

They  must  intersect  in  one  point  (C, 
(fig.  90. 

Those  three  forces  must  be  proportional  to  the  three  sides  of  a 
triangle  A,  respectively  parallel  to  their  directions. 


Fig.  90. 
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Problem. — Given,  the  resultant  of  the  load  in  magnitude  and 
position,  P,  the  line  of  action  of  one  of  the  supporting  forces,  R|, 
and  the  centre  of  resistance  of  the  other,  S, ;  required,  the  line 
of  action  of  the  second  supporting  force,  and  the  magnitudes  of 
both. 

Produce  the  line  of  action  of  Rj,  till  it  cuts  the  line  of  action  of 
P  at  the  point  C;  join  C  Sg;  this  will  be  the  line  of  action  of  B^; 
construct  a  triangle  A  with  its  sides  respectively  parallel  to  those 
three  lines  of  action;  the  ratios  of  the  sides  of  that  triangle  will 
give  the  ratios  of  the  forces. 

To  express  this  algebraically,  let  i\,  tj,  be  the  angles  made  by  the 
lines  of  action  of  the  supporting  forces  with  that  of  the  resultant 
of  the  load;  then 

P  :  Bj  :  Kg  :  :  sin  {ii  +  i^  ;  sin  tg  :  sin  ij (4.) 

The  same  piece  in  a  frame  may  act  at  once  as  a  beam  and  tie,  or 
as  a  beam  and  strut ;  or  it  may  act  alternately  as  a  strut  and  as  a 
tie,  as  the  action  of  the  load  varies. 

The  load  tends  to  break  a  tie  by  tearing  it  asunder,  a  strut  by 
crushing  it,  and  a  beam  by  breaking  it  across.  The  power  of 
materials  to  resist  those  tendencies  will  be  considered  in  a  later 
section. 

113.  iNatrikma  iMAi.  {A.  M.,  147.)— Before  applying  the  prin- 
ciples of  the  present  section  to  firames  in  which  the  load,  whether 
external  or  arising  from  the  weight  of  the  bars,  is  distributed  over 
their  length,  it  is  necessary  to  reduce  that  distributed  load  to  an 
equivalent  load,  or  series  of  loads,  applied  at  the  centres  of  resist- 
ance.    The  steps  in  this  process  are  as  follows : — 

I.  Find  the  resultant  load  on  each  single  bar. 

II.  Besolve  that  load,  as  in  Article  111,  equation  1,  p.  174,  into 
two  parallel  components  acting  through  the  centres  of  resistance  at 
the  two  ends  of  the  bar. 

IIL  At  each  centre  of  resistance  where  two  bars  meet,  combine 
the  component  loads  due  to  the  loads  on  the  two  bars  into  one 
resultant,  which  is  to  be  considered  as  the  total  load  acting  through 
that  centre  of  resistance. 

lY.  When  a  centre  of  resistance  is  also  a  point  of  support,  the 
component  load  acting  through  it,  as  found  by  step  II.  of  the  pro- 
cess, is  to  be  lefb  out  of  consideration  until  the  supporting  force 
required  by  the  system  of  loads  at  the  other  joints  h&a  been  deter- 
mined; with  this  supporting  force  is  to  be  compounded  a  force 
equal  and  opposite  to  the  component  load  acting  directly  through 
the  point  of  support,  and  the  resultant  will  be  the  total  supporting 
force. 

In  the  following  Articles  of  this  section,  all  the  frames  will  be 
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supposed  to  be  loaded  only  at  those  centres  of  resistance  which 
are  not  points  of  support ;  and  therefore,  in  those  cases  in  which 
components  of  the  load  act  directly  through  the  points  of  support 
also,  forces  equal  and  opposite  to  such  components  must  be  com- 
bined with  the  supporting  forces  as  determined  in  the  following 
Articles,  in  order  to  complete  the  solution. 

lU.  FnuMw  •€ Tw  Ban.  {A.  M,,  145-6.)—- Figures 91, 92,and 
93,  represent  cases  in  which  a  frame,  of  two  bare  jointed  to  each 
at  the  point  L,  is  loaded  at  that  point  with  a  given  force,  P,  and  is 


Fig.  91.  Rg.  92.  Fig.  98. 

supported  by  the  connection  of  the  bars  at  their  farther  extremities, 
Sj,  Sg,  with  fixed  bodies.  It  is  required  to  find  the  stress  on  each 
bar,  and  the  supporting  forces  at  S^  and  S^. 

Besolve  the  load  P  (as  in  Article  94,  p.  137)  into  two  com- 
ponents, B^f  Rj,  acting  along  the  respective  lines  of  resistance  of  the 
two  bars.  Those  components  are  the  loads  borne  by  the  two  bars 
respectively;  to  which  loads  the  supporting  forces  at  S^  S^  are  equal 
and  directly  opposed. 

•The  symbolical  expression  of  this  solution  is  as  follows : — Let  tj,  tj, 
be  the  respective  angles  made  by  the  lines  of  resistance  of  the  bars 
with  the  line  of  action  of  the  load ;  then 

P  :  Bj :  E^  :  :  sin  (ij  +  ij)  :  sin  tg  :  sin  1^. 

The  inward  or  outward  direction  of  the  forces  acting  along  each 
Ixir  indicates  that  the  stress  is  a  thrust  or  a  pull,  and  the  bar  a  strut 
or  a  tie,  as  the  case  may  be.  Fig.  9 1  represents  the  case  of  two  ties ; 
fig.  92,  that  of  two  struts  (such  as  a  pair  of  rafters  abutting  against 
two  walls) ;  fig.  93  that  of  a  strut,  L  Sj^,  and  a  tie,  L  Sj  (such  as 
the  jib  and  the  tie-rod  of  a  crane). 

A  frame  of  two  bars  is  stable  as  regards  deviations  in  the  plane 
of  its  lines  of  resistance. 

With  respect  to  lateral  deviations  of  angular  position,  in  a 
direction  perpendicular  to  that  plane,  a  frame  of  two  ties  is  stable; 
so  also  is  a  frame  consisting  of  a  strut  and  a  tie,  when  the  direction 
of  the  load  inclines/r(w>  the  line  S^  Sj,  joining  the  points  of  support 
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A  frame  consisting  of  a  stmt  and  a  tie,  when  the  direction  of  the 
load  inclines  towards  the  line  S.  S^,  and  a  frame  of  two  stmts  in  all 
cases,  are  unstable  laterally,  tmless  provided  with  lateral  stays. 

These  principles  are  true  of  cm^  pair  qfadJ€tcerU  bars  whose  farther 
ftnires  of  resistance  are  fixed;  whether  forming  a  frame  by  them- 
selves, or  a  part  of  a  more  complex  frnme. 

115.  Trinpiiw  FnuM..  {A.  M,,  148, 149.V— Let  fig.  94  represent 
a  frame,  consisting  of  the  three  bars  A,  B,  C,  con- 
nected at  the  three  joints  1,  2,  3, — viz.,  C  and  A  at 

1,  A  and  B  at  2,  B  and  C  at  3.     Let  a  load  P^  be 
applied  at  the  joint  1  in  any  given  direction;  let  _ 
supporting  forces,  Pj,  Pj,  be  applied  at  the  joints          p.    ^^ 

2,  3;  the  lines  of  action  of  those  two  forces  must 
be  in  the  same  plane  with  that  of  Pp  and  must  either  be  parallel 
to  it  or  intersect  it  in  one  point  The  latter  case  is  taken  first, 
because  its  solution  comprehends  that  of  the  former. 

The  three  external  forces  balance  each  other, 
and  are  therefore  proportional  to  the  three  sides 
of  a  triangle  respectively  parallel  to  their  direc- 
tions. Li  fig.  95,  let  A  B  C  be  such  a  triangle, 
in  which 

C  A  represents  P^, 


AB        ...         Pj, 
BD        ...         P^ 


Fig.  9& 


Draw  C  O  parallel  to  the  bar  C,  and  A  O  parallel  to  the  bar  A, 
meeting  in  the  point  O,  and  join  B  O,  which  will  be  parallel  to  B. 

The  leiigths  of  the  three  lines  radiating  from  O  will  represent  the 
stresses  on  the  bars  to  which  they  are  respectively  parallel. 

When  the  three  external  forces  are  parallel  to  each  other,  the 
triangle  of  forces  A  B  C  of  ^g.  95  becomes  a  straight  line  C  A,  as  in 
%  96,  divided  into  two  segments  by  the  point  B.  Let  straight 
lines  radiate  from  O  to  A,  B,  C,  respectively  parallel 
to  the  bars  of  the  frame;  then  if  tJie  load  C  A  be 
applied  at  1  (fig.  94),  A  B  appHed  at  2,  and  B  0 
)ipplied  at  3,  are  the  supporting  forces  required  to 
balance  it;  and  the  radiating  lines  O  A,  O  B,  O  C, 
represent  the  stresses  on  the  bars  A,  B,  C,  respec- 
tively, as  before. 

From  O  let  fall  O  H  perpendicular  to  0  A,  the 
common  direction  of  the  external  force&     Then  that  - 

line  will  represent  a  component  of  the  stress^  which  is         * 
<)f  equal  amount  in  each  bar.     When  C  A,  as  is  usually  the  case,  is 
vertical,  O  H  is  horizontal;  and  the  force  represented  by  it  is  called 
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the  "hortzarUal  thrust**  of  the  frame.  Rorizontal  Stress  or  Resist- 
ance would  be  a  more  precise  term ;  because  the  force  in  question 
is  a  piiU  in  some  parts  of  the  frame,  and  a  thrust  in  othera 

In  fig.  94,  A  and  C  are  s(/nits,  and  B  a  tie.  If  the  frame  were 
exactly  inverted,  all  the  forces  would  bear  the  same  proportions  to 
each  other;  but  A  and  C  would  be  ties,  and  B  a  strrU. 

The  trigonometrical  expression  of  the  relations  amongst  the  forceB 
acting  in  a  triangular  frame,  under  parallel  foixjes,  is  as  follows : — 

Let  a,  6,  c,  denote  the  respective  angles  of  inclination  of  the  bars 
A,  B,  C,  to  ^e  line  O  H  (that  is,  in  general,  to  a  horizontal  lino); 
then 

Horizontal  Stress  O  H  =  — ^5?^^^— (1.) 


tan  c  : 


;  tan  a 


The  sign 


{-F 


t)- 


(2.) 


Supporting  /  A  B  =  O  H  •  (tan  a  =p  tan  }> 
Forces      (  B  C  =  O  H  •  (tan  6  db:  tan  c] 

is  to  be  used  when  the  two  )  opposite  directions 
incliuations  are  in         J  the  same  direction, 


(OA  =  OH-seca) 
^0B  =  0Hsec6> 
(0C  =  0H-secc  j 


(3.) 


P*lrg*Mal  Fnuae. 


M„  150, 1 53.>~In  fig.  97,  let  A,  B,  C, 
D,E,  be  the  lines  of  resistance  of  the 
bars  of  a  frame,  connected  together 
at  the  joints,  whose  centres  of 
resistance  are,  1  between  A  and 
B,  2  between  B  and  C,  3  between 
C  and  D,  4  between  D  and  E, 
and  5  between  E  and  A.  In  the 
figure,  the  frame  consists  of  five  bars ;  but  the  principle  is  appli- 
cable to  any  number.  From  a  point  O,  in  fig.  98, 
(which  may  be  called  the  Diagram,  of  Forces),  draw 
radiating  lines  O  A,  O  B,  O  C,  O  D,  O  E,  parallel 
respectively  to  the  lines  of  resistance  of  the  bars; 
and  on  those  radiating  lines  take  any  lengths 
whatsoever,  to  represent  the  stresses  on  the 
several  bars,  which  may  have  any  magnitudes 
within  the  limits  of  strength  of  the  materiaL 
Join  the  points  thus  found  by  straight  lines,  so  as 
to  form  a  closed  polygon  A  B  C  D  E  A;  then  the 
sides  of  the  polygon  will  represent  a  system  offerees, 
which,  being  applied  to  the  joints  of  the  frame,  will 
balance  each  other;  each  such  force  being  applied  to  the  joint 
between  the  bars  whose  lines  of  resistance  arc  parallel  to  the  pair 


Fig.  98. 
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of  radiating  lines  tliat  enclose  the  side  of  the  polygon  of  forces 
representing  the  force  in  question. 

When  the  external  forces  are  parallel  to  each  other,  the  polygon 
of  forces  of  fig.  98  becomes  a  straight  line  A  D, 
as  in  fig.  99,  divided  into  segments  by  the  radiating  >! 

lines;  and  each  segment  represents  the  external  force  / 

which  acts  at  the  joint  of  the  bars  whose  lines  of  re-  y_^„^ 

sistance  are  parallel  to  the  radiating  lines  that  bound  o^^^— 
the  segment!     Moreover,  the  segment  of  the  line      V^^    **- 
A  D  which  is  intercepted  between  the  radiating  lines        V\^^ 
parallel  to  the  lines  of  resistance  of  any  ttoo  bars  \    N 

vjhether  eantigiums  or  not,  represents  the  resultant  of  \ 

the  external  forces  which  act  at  points  between  Ove  bars.  \ 

Thus,  A  D  represents  the  total  load,  consisting  of  \ 

the  three  portions  A  B,  B  C,  C  D,  applied  at  1,  2,  3,  ng.  99. 
respectively.  DA  represents  the  total  supporting 
force,  equal  and  opposite  to  the  load,  consisting  of  the  two  portions 
D  E,  E  A,  applied  at  4  and  5  respectively.  A  C  represents  the 
resultant  of  the  load  applied  between  the  bars  A  and  0;  and 
omilarly  for  any  other  pair  of  bars. 

From  O  draw  O  H  perpendicular  to  A  D ;  then  that  line  repre- 
sents a  component  of  the  stress,  whose  amount  is  the  same  in  each 
hor  of  the  frame.  When  the  load,  as  is  usually  the  case,  is  vertical, 
that  component  is  called  the  ''  horizontal  thrust^*  of  the  frame, 
and,  as  in  Article  114,  might  more  correctly  be  called  horiaonlal 
stress  or  resistance,  seeing  that  it  is  a  pull  in  some  of  the  bars  and 
a  thrust  in  others. 

The  trigonometrical  expression  of  those  principles  is  as  follows : — 

Let  the  force  O  H  be  denoted  simply  by  H. 

Let  t,  t*,  denote  the  inclinations  to  O  H  of  the  lines  of  resistance 
of  any  tioo  bars,  contiguous  or  not 

Let  R,  K',  be  the  respective  stresses  which  act  along  those  bars. 

Let  P  be  the  resultant  of  the  external  forces  acting  through  the 
joint  or  joints  between  those  two  bar& 

Then 

P  =  H(tani=t=tani')j (1.) 

R  =  H-sectj  R'=H-seci'. (2.) 

The  \  j-^^        {  of  the  tangents  of  the  inclinations  is  to  be 

used,  according  as  they  are  {  ^^^  } . 

117.  OpcBP*l7g*BaiFruie.  (il.if.,  151, 154.) — When  the  frame, 
instead  of  being  closed,  as  in  fig.  97,  is  converted  into  an  open  frame, 
by  the  omission  of  one  bar,  such  as  £,  the  corresponding  modification 
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is  made  in  the  diagram  of  inclined  forces,  fig.  98,  hj  omitting  the 
lines  O  E,  D  E,  E  A,  and  in  the  diagram  of  parallel  forces,  ^g,  99, 
by  omitting  the  line  O  R  Then,  in  both  dii^rams,  D  O  and  O  A 
represent  9ie  mipporting  forces  respectively,  equal  and  directly 
opposed  to  the  stresses  along  the  extreme  bars  of  the  frame,  D  and 
A,  which  must  be  exerted  by  the  supports  (called  in  this  case 
abuJtmenis\  at  the  points  4  and  5,  against  the  ends  of  those  bars, 
in  oi*der  to  maintain  the  equilibrium. 

In  the  case  of  parallel  loads,  the  following  formulae  give  the 
horizontal  stress  and  supporting  pressures. 

Let  «4  and  i^  denote  llie  angles  of  inclination  of  the  bars  D  and  A 
respectively. 

Let  R^  =  O  D  and  R«  =  O  A  be  the  stresses  along  them. 

Let  2 '  P  ==  A  D  denote  the  total  load  on  the  &ame;  then, 

H  =  ,      ?'l     ■; (1.) 

tant^  +  tant.^  ^    ' 

R^rsH'seci^;  R,=H'secv (2.) 

118.  P*l7VMw1  Fmnie^StaMlitT.  {A .  if.,  152.)— The  stability  or 
instability  of  a  polygonal  frame  depends  on  the  principles  stated  in 
Article  112,  p.  173,  viz.,  that  if  a  bar  be  free  to  change  its  angular 
position,  then  if  it  is  a  tie  it  is  stable,  and  if  a  strut,  unstable;  and 
that  a  strut  may  be  rendered  stable  by  fixing  its  end& 

For  example,  in  the  frame  of  fig.  97,  E  is  a  tie,  and  stable;  A,  B, 
C,  and  D,  are  struts,  fr-ee  to  change  their  angular  position,  and 
therefore  unstable. 

But  these  struts  may  be  rendered  stable  in  the  plane  of  the  frame 
by  means  of  stays;  for  example,  let  two  stay-bars  connect  the  joints 

1  with  4,  and  3  with  5;  then  the  points  1,  2,  and  3,  are  all  fixed, 
so  that  none  of  the  struts  can  change  their  angular  positions.  The 
same  effect  might  be  produced  by  two  sfcay-bars  connecting  the  joint 

2  with  5  and  4. 

The  frame,  as  a  whole,  is  unstable,  aa  being  liable  to  overturn 
laterally,  unless  provided  with  lateral  stays,  connecting  its  joints 
with  fixed  points. 

Now,  suppose  the  frame  to  be  exactly  inverted,  the  loads  at  1,  2, 
and  3,  and  the  supporting  forces  at  4  and  5,  being  the  same  as 
befora  Then  E  becomes  a  strut;  but  it  is  stable,  because  its  ends 
are  fixed  in  position;  and  A,  B,  C,  and  D  becomes  ties,  and  are 
stable  without  being  stayed. 

An  open  polygon  consisting  of  ties,  such  as  is  formed  by  A,  B,  C, 
and  D,  when  inverted,  is  called  by  mathematicians,  a  funicinlar 
polygon,  because  it  may  be  made  of  ropes. 

It  is  to  be  observed,  that  the  stability  of  an  unstayed  polygon  of 
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ties  18  of  the  kind  wbich  admits  of  09cill(Uion  to  and  fro  about  the 
position  of  equilibrium.  That  oscillation  may  be  injurions  in 
pracdoe,  and  stays  may  be  required  to  prevent  it 

119.  Sncias  •€  Pn»M.  {A.  M,,  155.)— A  hrao$  is  a  stay-bar  on 
which  there  is  a  pennanent  stress.  When  the  external  forces  applied 
to  a  frame,  although  balancing  each  other  as  an  entire  system^  are 
distributed  in  a  manner  not  consistent  with  the  equilibrium  of  each 
bar  separately;  then,  in  the  diagram  of  forces,  upon  attempting  to 
construct  a  polygon  of  external  forces,  having  its  angles  on  the 
radiating  lines,  gaps  wiU  be  left  in  the  outline  of  that  polygon. 
The  lines  necessary  to  fill  up  those  gaps  will  indicate  the  forces  to 
be  supplied  by  means  of  the  resistance  of  braces.  These  may  be 
either  struts  or  ties,  connecting  two  or  more  joints  together,  and 
supplying  by  their  resistances,  at  the  joints  which  they  connect, 
the  forces  wanting  to  produce  equilibrium  of  each  bar. 

The  resistance  of  a  brace  introduces  a  pair  of  equal  and  opposite 
forces,  acting  along  the  line  of  resistance  of  the  brace,  upon  the 
pair  of  joints  whi(^  it  connects.  It  therefore  does  not  alter  the 
resuliant  of  the  forces  applied  to  that  pair  of  joints  in  amount  nor 
in  position,  but  only  the  distrUnUion  of  the  components  of  that 
resultant  on  the  pair  of  joints. 

To  exemplify  the  use  of  Inraces,  and  the  mode  of  determining  the 
stresses  on  them,  let  fig.  100  represent  a  frame  such  as  frequently 


Hg.  100. 

occurs  in  iron  roofs,  consisting  of  two  struts  or  rafters,  A  and  E, 
and  three  tie-bars,  B,  C,  and  D,  forming  a  polygon  of  five  sides, 
jointed  at  1,  2,  3,  4,  5,  loaded  vertically  at  1,  and  supported  by  the 
vertical  resistance  of  a  pair  of  walls  at  2 
and  5.  The  joints  3  and  4  having  no  loads 
applied  to  them,  are  connected  with  1  by 
the  braces  1  4  and  13.  It  is  required  to 
find  the  strrases  on  those  braces,  and  on 
the  other  pieces  of  the  frame. 

To  make  the  diagram  of  forces,  fig.  101, 
draw  as  before  from  a  point  O,  radiating 
lines  O  E,  O  D,  O  C,  O  B,  O  A,  paraUel  to  the  bars  forming  the 
extenud  polygon  of  the  frame;  and  across  those  lines  draw  the 


Fig.  lOL 
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vertical  line  E  A,  to  represent  the  direction  of  the  load  and  of  the 
siiQ)orting  forces. 

The  two  extreme  segments  of  this  line,  A  B  and  D  E,  are  to  be 
taken  to  represent  the  supporting  forces  at  2  and  5 ;  and  their  sum, 
E  D  +  B  A,  will  represent  the  actzud  load  at  1.  £  A  represents 
what  the  load  at  1  otight  to  be,  to  fulfil  the  conditions  of  equilibriiim 
of  the  bars  A  and  E;  therefore  D  B  represents  the  deficiency  of  the 
actual  load  at  1,  or  the  additional  downward  force,  to  be  supplied 
at  1  by  means  of  the  bracing.  Also  B  D,  equal  and  opposite  to 
D  B,  represents  the  resultant  deficiency  of  supporting  pressure  at 
the  joints  3  and  4,  where  the  actual  external  force  applied  is 
nothing;  and  this  has  to  be  supplied  by  means  of  the  bracing. 

In  the  diagram  of  forces,  draw  D  C  parallel  to  the  brace  1  4,  and 
C  B  parallel  to  the  biuce  1  3,  intersecting  the  radiating  line  O  C  in 
C.  Then  will  D  C  represent  the  puU  along  the  brace  1  4,  acting 
obliquely  upwards  at  4,  and  obliquely  downwards  at  1 ;  and  C  B 
will  represent  the  pull  along  the  brace  1  3,  acting  obliquely  upwards 
at  3,  and  obliquely  downwards  at  1.  The  resultant  of  the  additional 
forces  thus  applied  at  1  is  D  B,  a  vertical  downward  force,  eqiia)  to 
the  deficiency  before  mentioned ;  and  the  oblique  upward  forces  at 
3  and  4  complete  a  polygon  of  forces  A  B  C  D  E  A,  whose  angles 
are  on  the  radiating  lines  parallel  to  the  bars  of  the  frame,  and 
which  therefore  fulfils  the  conditions  of  Article  116,  p.  178. 

The  stresses  on  the  external  bars  of  the  frame  are  represented  as 
before,  by  the  lengths  of  the  radiating  lines  in  ^g.  101. 

As  another  and  a  very  simple  example  of  bracing,  very  common 
in  framework,  may  be  taken  the  frame  in  fig.  102.  A  and  B  are 
two  struts,  forming  the  two  halves  of  one  straight  bar;  C  and  D 


Fig.  108. 


are  two  equal  tie-rods;  E,  a  strut-brace.  A  vertical  load  P  is 
applied  at  the  joint  1,  between  A  and  B ;  two  vertical  supporting 
pressures,  each  denoted  by  R  =  P  ~  2,  act  at  the  joints  4  and  2. 
The  joint  3  has  no  external  load. 

Fig.  103  is  the  diagram  of  forces,  constructed  as  follows:  — 
Through  a  point  O  draw  O  B  A  parallel  to  A  and  B,  O  C  parallel 
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to  C,  and  OD  parallel  to  D.  Make  O D  =  0  C;  join  CD;  this 
line  will  be  parallel  to  the  brace  E,  and  perpendicular  to  O  A. 

Through  D  and  C  draw  vertiwJ  lines  D  B,  C  A ;  these,  Wng 
equal  to  each  other,  are  to  be  taken  to  represent  the  two  supporting 
preasures  R;  and  their  sum  D  B  +  A  C  will  represent  the  load  P. 
The  equal  tensions  on  C  and  D  will  be  represented  b j  O  C  and 
O  D,  and  the  thrusts  along  A,  B,  and  E,  by  O  A,  O  B,  and  C  D. 

The  polygon  of  external  forces  in  this  case  is  the  crossed  qiiad- 
rilateral  A  C  D  B,  in  which  C  A  and  B  D  represent  (as  already 
stated)  the  supporting  pressures,  and  D  C  and  A  B  the  components 
of  the  load  P  respectively  parallel  and  perpendicular  to  the  brace 
£.  When  A  and  B  are  horizontal,  and  £  vertical,  A  B  in  fig.  103 
vanishes,  and  B  D  and  C  A  coincide  with  the  two  halves  of  C  D. 

120.  BicMitf  t  m  TraM.  {A.  M.,  156,  157.)— The  word  trugs  is 
applied  in  carpentry  to  a  triangular  frame,  and  to  a  polygonal  frame 
to  which  rigidity  is  given  by  staying  and  bracing,  so  that  its  figure 
shall  be  incapable  of  alteration  by  turning  of  the  bars  about  their 
joints.  If  each  joint  were  absolutely  of  the  kind  described  in  Article 
111,  that  is,  like  a  hinge,  incapable  of  ofiTering  any  resistance  to 
alteration  of  the  relative  angular  position  of  the  bars  connected 
by  it,  it  would  be  necessary,  in  order  to  fulfil  the  condition  of 
rigidity,  that  every  polygontd  frame  should  be  divided  by  the  lines 
of  resistance  of  stays  and  braces  into  triangles  and  other  polygons, 
so  arranged  that  every  polygon  of  four  or  more  sides  should  be 
surrounded  by  triangles  on  all  but  two  sides  and  the  included  angle 
at  farthest.  For  every  unstayed  polygon  of  four  sides  or  more,  with 
flexible  joints,  is  flexible,  unless  aU  the  angles  except  one  be  fixed 
by  being  connected  with  triangles. 

Sometimes^  however,  a  certain  amount  of  stiflness  in  the  joints 
of  a  frame,  and  sometimes  the  resistance  of  its  bars  to  bending,  is 
relied  upon  to  give  rigidity  to  the  frame,  when  the  load  upon  it  is 
subject  to  small  variations  only  in  its  mode  of  distribution.  For 
example,  in  the  truss  of  fig.  104,  the 
tie-b^m  A  A  is  made  in  one  piece,  or 
in  two  or  more  pieces  so  connected 
together  as  to  act  like  one  piece;  and 
part  of  its  weight  is  suspended  from 
the  joints  C,  C,  by  the  rods  C  B,  C  B. 
These  rods  also  serve  to  make  the  re-  ^-  ^^** 

sistance  of  the  tie-beam  C  C  to  being  bent  act  so  as  to  prevent  the 
struts  AC,  C  C,  C  A,  fix)m  deviating  from  their  proper  angular 
positions,  by  turning  on  the  joints  A,  C,  C,  A.  If  A  B,  B  B,  and 
B  A,  were  three  distinct  pieces,  with  flexible  joints  at  B  B,  it  is 
evident  that  the  frame  might  be  disfigured  by  distortion  of  the 
quadrangle  B  C  C  B. 
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The  object  of  stiffening  a  truss  by  braces  is  to  enable  it  to  sustain 
loads  variously  distributed;  for  were  the  load  always  distributed  in 
one  way,  a  &ame  might  be  designed  of  a  figure  exactly  suited  to 
that  load,  so  that  there  should  be  no  need  of  bracing. 

The  variations  of  load  produce  variations  of  stress  on  all  the 
pieces  of  the  frame,  but  especially  on  the  braces;  and  each  piece 
must  be  suited  to  withstand  the  greatest  stress  to  which  it  is  liable. 

Some  pieces,  and  especially  braces,  may  have  to  act  sometimes  as 
struts  and  sometimes  as  ties,  according  to  the  mode  of  distribution 
of  the  load 

121.  8«cMdarT  Md  C^mpMBd  TnuMfaig.  (A,  M.,  158  to  160.) — 
A  secondary  truss  is  a  truss  which  is  supported  by  another  truss. 

When  a  load  is  distiibuted  over  a  great  number  of  centres  of 
resistance,  it  may  be  advantageous,  instead  of  connecting  aU  those 
centres  by  one  polygonal  frame,  to  sustain  them  by  means  of  several 
small  trusses,  which  are  supported  by  larger  trusses,  and  so  on,  the 
whole  structure  of  secondary  trusses  resting  finally  on  one  large 
truss,  which  may  be  called  the  primary  truss.  In  such  a  combina- 
tion the  same  piece  may  often  form  part  of  different  trusses;  and 
then  the  stress  upon  it  is  to  be  determined  according  to  the  follow- 
ing principle : — 

WJien  die  same  bar  forms  at  the  same  time  paH  of  two  or  more 
different  Jrames,  the  stress  on  it  is  the  resultant  of  the  several  stresses 
to  which  it  is  subject  by  reason  of  its  position  in  the  several  frames. 

In  a  Compound  Truss,  several  frames,  without  being  distinguish- 
able into  primary  and  secondary,  are  combined  and  connected  in 
such  a  manner  that  certain  pieces  are  common  to  two  or  more  of 
them,  and  require  to  have  their  stresses  determined  by  the  principle 
above  stated. 

Examples  of  secondaiy  and  compound  trusses  will  be  given  in 
treating  of  structures  in  timber  and  iron. 

122.  BciriMaMce*r»FnuBeat«SecaM.  {A,  M.,  161.) — The  labour 
of  calculating  the  stress  on  the  bars  of  a  frame  may  sometimes  be 
abridged  by  the  application  of  the  following  principle : — 

If  a  frame  be  acted  upon  by  any  system  of  exterrtcU  forceSf  and  if 
tlvatframve  be  conceived  to  be  completely  divided  into  two  parts  by  an 
ideal  surface,  the  stresses  along  the  ba/rs  which  wre  intersected  by  that 
surface,  balance  the  external  forces  whicfi  act  on  each  of  Hie  two  parts 
of  tlie  frame. 

In  most  cases  which  occur  in  practice,  the  lines  of  resistance  of 
the  bars,  and  the  lines  of  action  of  the  external  forces,  are  all  in  one 
vertical  plane,  and  the  external  forces  are  vertical  In  such  casea 
the  most  convenient  position  for  an  assumed  plane  of  section  is 
vertical,  and  perpendicular  to  the  plane  of  the  frame.  Take  the 
vertical  line  of  intersection  of  these  two  planes  for  an  axis  of  co- 
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,  _  vf)^  of  y>  Sfcud.  a-ny  convenient  point  in  it  for 
iirfm»te^-*lfcT«*  ^  c«  X  \jo  l&orizoxital,  and  in  the  plane  of 
U oTipn  0-,  «^/»«  .g  o!  «  \iOTi20T\ta.l,  atiid  in  the  plane  of  section. 
t5ieftMne,KBd^e»^^^\^^to^^^  P»**  of  the  fiiune  at  one  ride 
The  erternai  V.  _  (e\t\ier  may  be  ctiosen)  being  combined,  as 
of  Hfie  plane  01  kwqot   \      ^^^  ^^^^ ^.^^  ^j^^  ^^  ^^^  ^j^^^ 

in  Article  9»,  ^  "  ^^^  ^^^ng  y  =  S  •  Y  ;  and  the  moment  of  the 

e=1  •  X.  -,  tne  w         __  ji .  j^q4  ^te  bars  which  are  cut  by  the  plane 

conpleacungiwm         leastances  cai»able  of  balancing  those  two 

of  wwdon  ™^ '^  Ye.    W  not  more  than  three  bars  are  cut  by  the 

{oic«  and  ^Yt^xete ««  not  more  than  three  unknown  quantities, 

pUne  of  '**^°"?-_8  v,etNfeen  them  and  given  quantities,  so  that  the 
sad  three  xetotw^^^^^    ^  ^^^  ^^  ^^^  ^^  ^  ^  ^  t,,^ 

problein  "2^  ^e  proWem  i*  or  may  be  indeterminate. 
^^  *l  !!!^?i^to  which  this  reasoning  leads  are  as  foUow8:-Let 
^tJ^r^  a  direction  from  the  plane  of  section  towards  the 
*  ^  ?^^^te  which  is  considered  in  determining  2  •  X  2  •  Y, 
I*^«  iJ+«he  measured  upwards;  let  angles  measured  from 
M»d  M ;  ^3,'  vhat  J.  upwards,  be  positive;  and  let  the  Imes  of 
Ox  towards -ry,  ^         ,     ^^    j^^^  ^,f  ^^j^^  ^ke  the 

"«i**"-**i    tftiiS^    Let  «i,»4«„  be  the  perpendicular  dis- 
angles  *!,  *»^  ^^  ^^  ^f  resistance  fixim  O,  distances  lymg 
tanceaof  tnoBB"'  /positive) 

T>P^»»^  1  ^™  ^  *      ^^  considered  as  |  ^jj^^  |  • 
4^^^!^  R,   be  the  resistances,  or  total  stresses,  along  the 
V         C^^db  being  positive,  and  thrusts  negative.     Then  we 
Ji^ tWoUowing  three  equations:- 

2X  =  BiC08  H  +  Rj  cos  i^  +  R,  cos  t,;^ 

2Y  =  Bi8int,  +  R8sm»,+  R,sint,;V (1.) 

_  jf  =  Ei»i+R,n,  +  R,«,;       ) 

v,vT,  the  three  quantities  sought,  Rj,  R^  »„  can  be  found. 
from  w^ch  *«  *^^  to  the  given  pline  of  section,  2  •  X  may 
^SihTtw  ^.2Y%e'«A«.W«^-««,and  M.  the 
te  <^^f^^U^r^hending  »tre*»;  for  it  tends  to  bend  tiie  frame 
"•"•^Si^tiOT  under  consideration.  M  is  to  be  considered  as 
*i  positave  i  according  as  it  tends  to  make  the  frame  become  con- 
'  I     upwards  1 

__^«e  of  lattice-beams  of  timber  and  iron.  v„,    v»J 

*'**S?^^i«ie«  -r  ■  ctoto  -r  c«A-A  loaded  cham  may  be  looked 

^        «  a  nolmonal  frame  whose  pieces  and  joints  are  so  numerous 

upo«».^g^  may  without  sensible  error  be  ta:eated  as  a  continuous 
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curve.  The  following  are  the  principles  respecting  the  equilih- 
rinni  of  loaded  chains  and  cords  which  are  of  most  importance 
in  practice. 

I.  Balance  of  a  Chain  in  general, — Let  D  A  C,  in  fig.  105,  repre- 
sent a  flexible  cord  or  chain  supported  at  the  points  C  and  D,  and 

loaded  by  forces  in  any 
direction,  constant  or  vary- 
ing, distributed  over  its 
whole  length  with  con- 
stant or  varying  intensity. 
Let  A  and  B  be  any 
,  two  points  in  this  chain; 

*^'       '  from    those    points   draw 

tangents  to  the  chain,  A  P  and  B  P,  meeting  in  P.  The  load  acting 
on  the  chain  between  the  points  A  and  B  is  balanced  by  the  pulls 
along  the  chain  at  those  two  points  respectively;  those  pulls  must 
respectively  act  along  the  tangents  A  P,  B  P ;  hence  the  resultant 
of  the  load  between  A  and  B  acts  through  the  point  of  intersection 
of  the  tangents  at  A  and  B ;  and  that  load,  and  the  tensions  on  the 
chain  at  A  and  B,  are  respectively  proportional  to  the  sides  of  a 
tidangle  parallel  to  their  directions. 

II.  Chain  under  Vertical  Load — Curve  of  Equilibrium. — If  the 
direction  of  the  load  be  everywhere  parallel  and  vertical,  draw  a 
vertical  straight  line,  C  D,  fig.  106,  to  represent  the  total  load,  and 
from  its  ends  draw  C  O  and  D  O,  parallel  to  two  tangents  at  the 

points  of  support  of  the  chain,  and  meeting  in  O ; 
those  lines  will  represent  the  tensions  on  the  chain 
at  its  points  of  support. 

Let  A,  in  fig.  105,  be  the  lowest  point  of  the 
chain.  In  fig.  106,  draw  the  horizontal  line  O  A; 
this  will  represent  the  horizontal  component  of  the 
tension  of  the  chain  at  every  point,  and  if  O  B  be 
parallel  to  a  tangent  to  the  chain  at  B  (fig.  105) 
A  B  will  represent  the  portion  of  the  load  sup- 
ported between  A  and  B,  and  O  B  the  tension  at  B. 
Fig.  106.  To  express  this  algebraically,  let 

H  =  0  A  =  horizonkU  tension  along  the  chain  at  A; 

It  =  0  B  =  pull  along  the  chain  at  B; 

P  =  A  B  =  load  on  the  chain  between  A  and  B; 

*  =  ^  X  P  B  (fig  105)  =  ^  A  O  B  (fig.  106)  =  incUnation  of 
chain  at  B; 
then, 

P  =  Htant;  R  =  ^(P^  +  HZ)  =Hsec» (1.) 
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To  deduce  from  these  formube  an  equation  by  which  the  form  of 
the  curve  assumed  bj  the  chain  can  be  determined  when  the  distri- 
bution of  the  load  is  known,  let  that  curve  be  referred  to  rectangular 
borizontal  and  vertical  co-ordinates,  measured  from  the  lowest  point 
A,  fig.  105,  the  co-ordinates  of  B  being,  AX  =  aj,XB  =  y;  then 


.       .     dy 
tan  t=  ,^  = 
ax 


P 


(2.) 


a  differential  equation  which  enables  the  form  assumed  by  the  cord 

(or  ^^  curve  of  equilibrium")  to  be  determined  when  the  distribution 

of  the  load  is  known. 

124.  T«1>niwa  Cnrre  •rB««IUbrta«i  mppfmimtmUif* 

PfiOBLEiL — Let  H  and  K,  fig.  107,  be  the  two  points  of  suspen- 

aioa  of  a  chain  under  a  vertical  load;  let  the  distribution  of  the 


Fig.  107. 


Fig.  108. 


load  be  given,  and  the  direction  of  a  tangent  H  L  to  the  chain  at 
one  of  the  points  of  suspension ;  it  is  required  to  draw  approxi- 
mately the  figure  of  the  chain. 

Rnd  the  centre  of  gravity  of  the  entire  load,  and  let  G  L  be  a 
vertical  line  passing  through  it,  cutting  the  tangent  H  L  in  L. 
Join  K  Xj  ;  this  will  be  the  tangent  to  the  chain  at  the  other  point 
of  suspension. 

Conceive  the  load  to  be  divided  into  any  convenient  number  of 
portions:  the  more  numerous  these  are,  the  closer  will  be  the 
approximation  to  the  required  curve.  Find  the  centres  of  gravity 
of  those  portions,  and  let  P^,  Pg,  Ac,  be  vertical  lines  passing 
through  those  centres  of  gravity. 

In  fig.  108,  draw  the  vertical  line,  or  scale  of  loads,  A  G,  whose 
whole  length  represents  the  entii-e  load;  divide  it  into  parts,  A  B 
or  1,  B  C  or  2,  Ac,  representing  the  several  portions  of  the  load. 
Through  A  draw  A  O  parallel  to  L  H,  and  through  G  draw  G  O 
parallel  to  K  L,  cutting  each  other  in  O.  From  O  draw  radiating 
lines  0  B,  O  C,  <&c,  to  the  points  of  division  of  the  scale  of  loads. 

Then,  in  fig.  107,  from  the  point  of  intersection  of  A,  or  H  L, 
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with  Pj,  draw  B  parallel  to  O  B,  cutting  Pj;  from  the  point  of 
intersection  of  B  and  Pg,  draw  C  parallel  to  O  C,  cutting  P,,  and 
BO  on,  until  the  "  funicular  polygon  "ABC,  &c.,  is  oompleted ; 
that  polygon  is  composed  of  tangents  to  the  required  curve  of  equi- 
librium, to  which  an  approximation  may  be  drawn  by  sketching  a 
curve  so  as  to  touch  the  sides  of  the  polygon. 

125.  ClmUi  mmAtir  ui  VtOfmrm  Tertlcal  E.muI— •■■peaatoM  BrMc«. 
(A.  Jf,,  169,  170.) — By  an  uniform  vertical  load  is  meant  a  load 
uniformly  distributed  along  a  horizontal  straight  line ;  so  that  if 


^a> 


Fig.  109. 

A,  ^g,  109,  be  the  lowest  point  of  the  rope  or  cord,  the  load  sus- 
pended between  A  and  B  shall  be  proportional  to  A  X  r=  a;,  the 
horizontal  distance  between  those  points,  and  capable  of  being 
expressed  by  the  equation 

P=p«; (1) 

where  p  is  a  constant  quantity,  denoting  the  intensity  of  the  load  in 
units  of  weight  per  unit  of  Jwrizontal  length:  in  pounds  per  lineal 
foot,  for  example. 

In  this  case,  because  the  load  between  A  and  B  is  uniformly 
distributed,  its  resultant  bisects  AX;  also,  the  tangent  B  P  bisects 
AX;  and  the  curve  assumed  by  the  chain  is  a  parabola  whose 
vertex  is  at  A. 

The  proportions  of  the  load,  and  the  horizontal  and  oblique  ten- 
sions are  as  follows : — 


P:H:R       BX  :  XP  :  PB  :  :  y  :f :  v(y*  +  ^ 


pas* 


px 


■x^+^> 


The  focal  distance  of  the  parabola  is 

aj2       H 


4y      2p' 


(2.) 


(3.) 


These  equations  are  applicable,  with  sufficient  accuracy  for  prac- 
tical purposes,  to  most  examples  of  Suspension  Bridges  tnth  vertical 
rods :  for  although  in  a  bridge  of  that  class  the  load  is  not  con* 
tinuous,  the  platform  being  hung  by  rods  from  a  certain  number  of 
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points  in  each  cable  or  chain;  nor  nniformlj  distarbed,  the  load 
arising  from  the  weight  of  the  cables  or  chains  and  of  the  suspend- 
ing rods  being  more  intense  near  the  piers;  yet^  in  most  cases 
which  occur  in  practice,  the  condition  of  each  cable  or  chain 
approaches  sufficiently  near  to  that  of  a  cord  continuously  and 
muformly  loaded  to  enable  the  preceding  equations  to  be  applied 
without  material  error. 

The  following  solutions  of  some  useful  problems  are  deduced  from 
these  equations : — 

Pboblem  Fibot. — Given  the  dewUianBf  j^  j^  of  the  two  pointB  of 
mppcH  of  the  chamaboveita  lowest  poirU,  and  aleo  the  horizontal  die- 
tancey  or  span  a,  hetv>een  tkoee  points  of  support:  it  isrequired  to  find 
the  horizontal  diOa^nces,  x^^x^qfthe  lowest  point  from  the  two  points 
of  support :  also  (he  focal  distance  m. 

x,=^a'    ,    ^S     ;  x^^a-   ,   ^^\     (4.) 

^       Jyi+Jy^  ^       Jyi+s^y%        ^  ' 

(fi  ... 

'"~*yi+4y»+8Vyiy, ^  ' 

When  the  points  of  support  are  at  the  same  level, 


^1  =  ^2;  «i=|i  "^^Wf^ (^0 


Problem  Second. — Given  the  same  data,  to  find  the  indinations 
hf  ^  of  the  chain  at  ^  points  qf  support, 

^       scj^                 a           '         ^       x^                 a  ^  *' 

when  yi  =  y2>  tanij  =  tan  tj= -^ (8.) 

Problek  Third. — Owen  the  same  data^  and  the  load  p  per  unit 
oflen^  :  required  the  horizontal  tension  H,  and  the  tensions  R^,  B^ 
otthe  points  of  support. 

H  =  2»»»=  '^ =; (9.) 
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When  yi  =  y^}  t^ose  equatioDs  become 

^='sj^^-^=^4+¥) <"•) 

Problem  Fourth. — Given  the  same  data  as  in  Prohlem  First,  to  find 
the  length  of  the  chain. 

The  following  are  two  well-known  formulie  for  the  length  of  a 
parabolic  arc,  commencing  at  the  vertex,  one  being  in  terms  of  the 
co-ordinates  x  and  y  of  the  farther  extremity  of  the  arc,  and  the 
other  in  terms  of  the  focal  distance  m,  and  the  inclination  i  of  the 
fiirther  extremity  of  the  arc  to  a  tangent  at  the  vertex. 

s=j[y'+j)  +  ^y^7?^log. ^ L 

2 
=  m[tan  t  •  sec  i  +  hyp.  log.  (tan  t  + sec  i)] (12.) 

The  length  of  the  chain  is  8^  +  «£>  where  Si  is  found  by  putting  x^ 
and  y^  in  the  first  of  the  above  formulse,  or  t,  in  the  second,  and  s^ 
by  putting  scg  and  yj  i^  *^c  first  formula,  or  t^,  in  the  second. 

The  foflowing  approocimate  formula  for  the  length  of  a  parabolic 
arc  is  in  many  cases  sufficiently  near  the  truth  for  practical 
purposes; 

8  =  x  +  ^-^  nearly;  (13.) 

which  gives  the  total  length  of  the  cord, 

,,+s,^a+l(^+^nearlt,, (14.) 

and  when  y^  =  yj?  this  becomes 

2«i  =  a  +  |  •  ^nearly; (15.) 

Problem  Fifth. — Given  the  same  data,  to  find,  a^roximately, 
the  small  elongation  of  the  chain  d  (sj  +  Sg)  required  to  produce  a  given 
smaU  depression  djofthe  lowest  point  A,  and  conversdy. 


dy      -^'d^^x^) ^^^-^ 
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WLen  y^  =  yg,  this  eqtiation  becomes 

dy  "^  3  a  ^  *'^ 

These  formnlse  serve  to  compute  the  depression  which  the  middle 
point  of  a  suspension  bridge  undergoes  in  consequence  of  a  given 
dongation  of  the  cable  or  chain,  whether  caused  hj  heat  or  by 
tension. 

PROBLiai  Sixth. —  To  Jind  the  pressure  on  the  top  of  each  pier. 

"When  the  piers  of  a  suspension  bridge  are  slender  and  vertical 
(as  is  usually  the  case),  the  resultant  pressure  of  the  chain  or  cable 
on  the  top  of  the  pier  ought  to  be  vertical  also.  Thus,  let  C  £,  in 
fig.  109,  represent  the  vertical  axis  of  a  pier,  and  C  G  the  portion  of 
the  chain  or  cable  behind  the  pier,  which  either  supports  another 
division  of  the  platform,  or  is  made  fast  to  a  mass  of  rock,  or  of 
masonry,  or  otherwise.  If  the  chain  or  cable  passes  over  a  curved 
plate  on  the  top  of  the  pier  called  a  saddle,  on  which  it  is  free  to 
slide,  the  tensions  of  the  portions  of  the  chain  or  cable  on  either 
side  of  the  saddle  will  be  equal ;  and  in  order  that  those  tensions 
may  compose  a  vertical  pressure  on  the  pier,  their  inclinations  must 
be  equal  and  opposite.  Let  i  be  the  common  value  of  those  inclina- 
tions; R  the  common  value  of  the  two  tensions;  then  the  vertical 
pressure  on  the  pier  is 

V  =  2Rsini  =  2Htant  =  2;)a;;  (18.) 

tJiat  is,  twice  the  weight  of  the  portion  of  the  bridge  between  the 
pier  and  the  lowest  point,  A,  of  the  curve  C  B  A  D. 

But  if  the  two  divisions  of  the  chain  or  cable  D  A  C,  C  O,  which 
meet  at  C,  be  made  fast  to  a  sort  of  truck,  which  is  supported  by 
rollers  on  a  horizontal  cast  iron  platform  on  the  top  of  the  pier, 
then  the  pressure  on  the  pier  wiD  be  vertical,  whether  the  inclina- 
tions of  the  two  divisions  of  the  chain  or  cable  be  equal  or  unequal; 
and  it  is  only  necessary  that  the  horizontal  components  of  their  ten- 
sion should  be  equal;  that  is  to  say,  let  i,  H,  be  the  inclinations  of 
the  two  divisions  of  the  chain  or  cable  in  opposite  directions  at 
C^  and  R,  R',  their  tensions,  then 

R  =  Hsec*;  R'rsHseci^; 

V  =  R  sin  1  +  R'  sin  1'  =  H  (tan  t  +  tan  i^) (19.) 

126.  SMpeiMtoM  Bri490  with  Sl«ptag  B«ds.  (X  M.,  172.) — Let 
the  uniformly-loaded  platform  of  a  suspension  bridge  be  hung  from 
the  chains  by  parallel  sloping  rods,  making  an  uniform  angle  ^' with 
the  vertical.  The  condition  of  a  chain  thus  loaded  is  the  same  with 
that  of  a  chain  loaded  vertically,  except  in  the  direction  of  the 
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Fig.  110. 


load;  and  the  form  assumed  by  the  chain  is  a  parabola,  having  its 
axis  parallel  to  the  direction  of  the  suspension-rods. 

In  fig.  110,  let  C  A  represent  a  chain,  or  portion  of  a  chain,  sup- 
ported or  fixed  at  C,  and  horizontal  at  A,  its  lowest  point.    Let 

A  H  be  a  horizontal  tangent  at  A,  repre- 
senting the  platform  of  the  bridge;  and 
let  the  suspension  rods  be  all  parallel 
to  C  E,  which  makes  the  angle  .^  E  C  H 
=  j  with  the  vertical  Let  B  X  repre- 
sent any  rod,  and  suppose  a  vertical 
load  c  to  be  supported  at  the  point  X. 
Then,  by  the  principles  of  the  equilibrium  of  a  frame  of  tvDo  6ar«, 
this  load  will  produce  a  pvUj  p,  on  the  rod  X  B,  and  a  thrust,  o,  on 
the  platform  between  X  and  H ;  and  the  three  forces  c,  p,  jf,  wm  be 
proportional  to  the  sides  of  a  triangle  parallel  to  their  directions, 
such  as  the  triangle  0  E  H ;  that  is  to  say, 

v:p:q::CK:  (TE  :  ffH  :  :  1  laecjitnuj (1.) 

Next,  instead  of  considering  the  load  on  one  rod  B  X,  consider 
the  entire  vertical  load  V  between  A  and  X 

Let  P  represent  the  amount  of  the  pull  acting  on  the  rods  between 
A  and  X,  and  Q  the  total  thrust  on  the  platform  at  the  point  X ; 
then, 

T  :  P  :  Q  :  :  CH  :  CE  :  ITH  :  :  1  :  secj  :  tani...  (2.) 


The  obliqu£  load  P  =-  V  sec  ^  is  what  hangs  from  the  chain  between 
A  and  B.  Being  uniformly  distributed,  its  resultant  bisects  A  X 
in  P,  which  is  sdso  the  point  of  intersection  of  the  tangents  A  P, 
BP;  and  the  ratio  of  the  oblique  load  P,  the  horizontal  tension 
H  along  the  chain  at  A,  and  the  tension  R  along  the  chain  at  B, 
is  that  of  the  sides  of  the  triangle  B  X  P;  that  is  to  say. 


P:H  :R 


BX  :XP  = 


AX 

2 


BP. 


(3.) 


The  curve  C  B  A  is  a  parabola  having  its  axis  parallel  to  the  in- 
clined suspension  rods ;  and  its  equation  i-eferred  to  oblique  co-ordi- 
nates, with  the  origin  at  A,  is  as  follows.  Let  AX  =  a;,  XBsy; 
then, 


y  = 


aj2 


■  cos^y 


(4-) 


where  m,  as  in  Article  125,  denotes  the  focal  di^jtance  of  the  para- 
bola, given  by  the  equation 
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m  =  ^^?' (5.) 

X  and  y  h&ng  the  co-ordinates  of  any  known  point  in  the  curve. 
The  length  of  the  tangent  B  P  =  <  is  given  hj  the  following 
eqn&tion : — 


«=Y^(^+y«  +  «y8ini) (6.) 


Hence  are  deduced  the  following  formulse  for  the  relations  amongst 
the  forces  which  act  in  a  suspension  bridge  with  inclined  rods : — Let 
V  now  be  taken  to  denote  the  irUengUy  of  the  vertical  load  per  unit 
of  length  of  horizontal  platform — per  foot,  for  example ;  p  the  in- 
tensity of  the  oblique  load;  q  the  rate  at  which  the  thrust  along 
the  phitform  increases  £rom  A  towards  H.     Then 

T=zpx=:vx  "secjf;  >  (7.) 

Q  zrzqx^^vx'tajxj',) 

TT      xT     px^     2pm      ^        .     ^-  /o\ 

^      tT      2fH      ptx      vtxBecj  ,^. 

K=  — =: =:- —  i= '^ (9.) 

y        «        y  y 

The  horizontal  pull  H  at  the  point  A  may  be  sustained  in  three 
different  ways,  vias. : — 

L  The  chain  may  be  anchored  or  made  fast  at  A  to  a  mass  of 
rock  or  masonry. 

II.  It  may  be  attached  at  A  to  another  equal  and  similar  chain, 
similarly  loaded  by  means  of  oblique  rods,  sloping  at  an  equal 
angle  in  the  direction  opposite  to  that  of  the  rods  B  X,  ^.,  so  that 
A  may  be  in  the  middle  of  the  span  of  the  bridge. 

III.  The  chain  may  be  made  fest  at  A  to  the  horizontal  platform 
^       A  H,  so  that  the  pull  at  A  shall  be  balanced  by  an  equal  and  oppo- 
site thrust  along  the  platform,  which  must  be  strong  enough  and 
stiff  enough  to  sustain  that  thrust.     In  this  case,  the  total  thrust  at 
any  point,  X,  of  the  platform  is  no  longer  simply  Q  =  q  x,  but 

^  =t?(2  wsec'J+aj'tan^') (10.) 

The  length  of  the  pa/rabclic  arcy  A  B,  is  given  exactly  by  the 

o 
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following  fonnnlse : — Let  i  denote  the  inclination  of  the  parabola 
at  the  point  B  to  a  line  pei^pendicular  to  its  axis.     Then 


t  =  arc  •  cos 


{u''^'^)  <"•) 


which,  when  B  coincides  with  A,  becomes  simply  i=j.     Then 
from  the  known  formiUse  for  the  lengths  of  parabolic  arcs,  we  have 

parabolic  arc  A  B  =  w  <  tan  i  sec  t  -  tan  J  sec  J 

*^"^:^T^} <'^) 

In  most  cases  which  occur  in  practice,  however,  it  is  sufficient  to 
use  the  following  approximate  formula : — 

2     t/  *  cos  7 

arc  A  B  =  a;  +  y  •  sinj  +  -„ ^.  — .,  nearly. (13.) 

^         "^     3  jc  +  ysin^'  ''  ^      ' 

The  formulce  of  this  Article  are  applicable  to  Mr.  Dredge's  sus- 
pension bridges,  in  which  the  suspending  rods  are  inclined,  and 
although  not  exactly  parallel,  are  nearly  so. 

127.  DeflcctioM  Af  B  FirxibieTto.  {A,  M,y  171.) — Let  a  vertical 

load,  P,  be  applied  at  A,  fig.  Ill,  and  sustained  by  means  of  a 

horizontal  strut,  A  B,  abutting  against  a 

pier  at  B,  and  a  sloping  rope  or  chain,  or 

other  flexible  tie,  ADC,  fixed  to  the 

top  of  the  pier  at  C.     The  weight  of  the 

strut,  A  B,  is  supposed  to  be  divided  into 

two  components,  one  of  which  is  suf)- 

ported  at  B,  while  the  other  is  inchuled 

in  the  load  P.     The  weight,  W,  of  the 

Fig.  111.  flexible  tie,  ADC,  is  supposed   to  be 

known,  and  to  be  considered  separately ;  and  with  these  data  there 

is  proposed  the  following 

Pkoblem. — ^W  being  small  compared  imth  P,  to  find  approximately 
the  vertical  depression  ED  of  tlve  flexible  tie  below  tiie  straight  line 
AC,  the  pvlls  along  it  at  A,  D,  and  C,  and  the  horizontal  thrust 
along  A  B. 

Because  W  is  small  compared  with  P,  the  curvature  of  the  tie 
will  be  small,  and  the  distribution  of  its  weight  along  a  horizontal 
line  may  be  taken  as  approximaldy  uniform ;  therefore  its  figun* 
will  be  nearly  a  parabola ;  the  tangent  at  D  will  be  sensibly  parallel 
to  A  C,  and  the  tangents  at  A  and  C  will  meet  in  a  point  which 
will  be  near  the  vertical  line  E  D  F,  which  line  bisects  A  C,  and  is 
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biaectod  in  D     Hence  the  foUowing  solution  is  in  general  raffi- 

^'-Vi^^i^^D'l'i (1.) 

2 

The  c?ty«ie«<»  of  length  between  the  curve  A  B  C  and  the  stroiirht 
line  A  E  C  IS  found  very  nearly  by  the  foUowing  formula :— 

...(2.) 

If  EF  be  made  =  2DE,  FC  and  FA  will  be  approximately 
tangents  to  the  chain  at  C  and  A.  rr  j 

12a  The  CaftniBiT  {A.  M.,  175),  in  the  most  general  sense  of  the 
word,  Mthe  curve  formed  by  a  chain  when  loaded  in  any  manner; 
bat  when  used  without  qualification,  its  application  is  usually 
restricted  to  the  case  of  a  chain  of  uniform  section  and  material, 
loaded  with  its  own  weight  only.  As  thus  defined,  the  catenary  hua 
the  following  properties : — 

I.  All  catenaries  are  similar. 

IL  The  ^figrire  of  the  'catenary  is  expressed  algebraically  by 
the  following  equation.  (See  &g.  112.) 
Let  A  be  the  vertex,  or  lowest  point  of 
the  catenary,  where  it  is  horizontal. 
A  O  is  a  vertical  line,  called  the  p<xrch 
meter,  or  modtdus  of  the  catenary,  on 
which  all  its  dimensions  depend ;  let 
the  length  of  that  line  be  denoted  by 
m.     Take  0  for  the  origin  of  co-ordi-  ^'  112. 

nates.     Let  B  be  any  other  point  in  the  catenary,  whose  abscissa. 
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or  horizontal  distance  from  O,  is  O  X  =  «,  and  vertical  height  abore 
the  same  point  X  B  sc  y.     Then 

the  ordinate  XB  =  y=^(g"_j-^~*)>* 
thearcAB=«  =  ^(«»  —  «~-j=  Jy^ — w»* ; 


the  abscissa  in  terms  of  the  ordinate, 


.  =  m.hyp.log.g+\/g,-l-); 


(1-) 


thearea,  AOXB= /y  J«  =  -^  [e**  —  e    *)=m8; 
the  rate  of  slope  at  the  point  B, 

2  =  tani=^(«=-«--')  =  ^; 

(t^ being  the  angle  of  inclination  of  the  curve  at  B  to  the  honzoo). 
The  radius  of  curvature  at  the  same  point  is, 

at  the  point  A,  ^  =  m. 

On  B  X  as  a  hy|)othenuse  constnict  the  right-angled  triangle 
X  T  B,  in  which  X  T  —  0  A  =  to.  Then  T  B  will  be  a  tangent  to 
the  catenary  at  B,  and  will  be  equal  in  length  to  the  arc  A  S  =  5. 

Through  B  draw  B  N  perpendicular  to  B  T,  cutting  O  X  pro- 
duced in  N  ;  B  N  is  equal  to  the  radius  of  curvature  at  the 
point  B.  61  ;v.4.:?'ft •:?'•/'  ;;3X  :/-r  ^  ^Va^.^V 

IIL  The  mechanical  properties  of  the  catenary  are  as  follows  : — 

Letp  be  the  weight  of  an  unit  of  length  of  the  chain  (as  one  foot); 

^  -  •  a? 

*  The  functions  e  ••  and  e      ••,  or  the  Naperian  Anti-logarithm  of  ~  and  iti  redp- 

rocalf  are  most  easily  calculated  by  means  of  a  table  of  Naperian  or  hyperbolic 
anti-logarithms,  or,  in  its  absence,  by  a  table  of  hyperbolic  logarithms.  Bnt  should  a 
table  of  common  logarithms  or  anti-logarithms  alone  be  at  band,  the  followmg  formula 
is  to  be  used : — 

dt  ^  Ht  -1343    .' 

e  •*  =  10  ■•  nearly. 
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H,  the  horizontal  tension  at  A ;  P,  the  vertical  load  between  the 
points  A  and  B  ;  "R,  the  tension  at  R     Then 

H=pm;P=|>«;  R=VHHFP^=py; (2.) 

so  that  the  parameter  represents  a  length  of  chain  whose  weight  is 
equal  to  the  horizontal  tension ;  and  the  ordinate  X  B  ^  y  at  any 
point  represents  a  length  of  chain  whose  weight  is  equal  to  the 
tension  at  that  point 

IV.  Problem. — Given  two  points  in  a  catenary,  and  the  length  of 
chain  between  them  ;  required  the  remainder  of  the  curve. 

Let  k  be  the  horizontal  distance  between  the  two  points,  v  their 
difference  of  level,  /the  length  of  chain  between  them.  Those 
three  quantities  are  the  data. 

The  unknown  quantities  may  be  expressed  in  the  following 
manner : — Let  x^,  y^,  be  the  co-ordinates  of  the  higher  given  point, 
and  t^  the  arc  terminating  at  it,  all  measured  from  the  yet  unknown 
vertex  of  the  catenary,  and  X23  y^y  s^  the  corresponding  quantities 
for  the  lower  given  point 

Then  the  parameter  m  is  to  be  found  by  a  series  of  approximations 
from  the  following  equation: —    >4.N  •  ^  /7  ^ 

m  fe^»—e~  C'-^zs  ^/Z«  — t?*; (3.) 

the  position  of  the  vertex  horizontally,  by  either  of  the  equations, 

«!==  2  (to- hyp.log.^— ^+ ^ji  aji==2 (w  •hyp.log.^-^ 

and  the  position  of  the  vertex  vertically  by  calculating  y  from  x 
and  m  for  either  of  the  given  points. 

The  part  of  a  catenary  in  the  neighbourhood  of  the  vertex 
differs  but  little  in  figure  from  a  parabola  whose  focal  distance 
is  m  -^  2,  half  the  modulus  of  the  catenaiy ;  and  in  calculations  for 
practical  purposes  within  certain  limits,  the  parabola  may  be  used 
instead  of  the  true  catenary,  its  equation  being  more  simple. 

To  show  the  amount  of  the  difference  between  those  curves,  the 
following  comparison  is  given,  in  which,  instead  of  the  finite  equa- 
tion of  the  catenary,  an  infinite  convei^ng  series  is  substituted. 
The  ordinate  is  supposed  to  be  measured  from  the  point  O  in  fig. 
1 13,  at  the  distance  m  below  the  vertex. 


Ordinate 
of  the 


Paiabolaj  y=m(l  +  ^^j ; 
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Prow.;  iS  =  ii 
ax      m 

Catenary;  Jy  rf«  =  m  *  (l  +  g^,  +  j^,  +  Ac.) ; 
Paiabokj  Jt/dx  =  mx  ^1+  ^ — j  jj 

Catenary;  .  =  «  (l  +  g^,  +  jg^— ,+ Ac.) ; 

Parabola;  ,=«  (1+ ^^__|Lj  + Ac). 

It  is  to  be  borne  in  mind  that  the  quantity  denoted  hjfnin 
these  fonnuks  is  double  of  that  denoted  by  m  in  Article  125. 

The  following  table  exemplifies  their  results  for  the  case  a;  =  t?* 
-5-3:— 


Slope  of 
the 


Area  of 
the 


Length 
of  the 


Ordinate 

Slope. 

Area 
=:  mx  X 

Length 
z=xX 

Catenary, 

Parabola,  .... 

1-0561 
1-0556 

03395 
03333 

I -0186 
1-0185 

i-oi86 
1-0183 

Difference,... 

0-0005 

0-0062 

o-oooi 

0-0004 

The  Cmuttmrf  •tVmUBurm  Screagth  is  the  figure  assumed  by  a  chain 
loaded  in  any  manner,  whose  sectional  area  at  each  point  is  propor- 
tional to  the  tension.  The  figure  assumed  by  such  a  chain,  when 
loaded  with  its  own  weight  only,  was  investigated  by  Mr.  Davics 
Gilbert,  in  a  paper  published  in  the  Philosophical  Transactians  for 
1824.  The  Reverend  Canon  Moseley,  in  his  Mecluinica  of  Engineer- 
ing  and  Architecture,  has  investigated  the  figure  of  the  catenary  of 
equal  strength  when  the  chain  is  loaded  with  suspending  rods  and 
a  platform,  as  well  as  with  its  own  weight.  The  resulting  equations 
are  of  great  complexity  when  in  their  exact  form  j  but  Mr.  Moseley 
shows  that  in  those  cases  which  occur  in  practice  the  parabola 
forms  a  close  approximation  to  the  true  curve,  as  it  does  in  the  case 
of  the  common  catenaiy. 

Under  the  head  of  "  Structurfes  in  Iron,"  it  will  be  shown  how  far 
it  is  useful  in  practice  to  take  into  account  the  peculiarities  of  the 
catenary  of  uniform  strength. 
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129.  €cBlre«rOniTlt7*r  a  Flexible  fltHHStwe.  {A.  M.,  176.) — In 
ereiy  case  in  which  a  perfectly  flexible  structui-e,  such  as  a  cord, 
a  chain,  or  a  funicular  polygon,  is  loaded  with  weights  only,  the 
figure  of  stable  equilibrium  in  the  structure  is  that  which  corres- 
ponds to  the  lowest  possible  position  of  the  centre  of  gravity  of  the 
entire  load.  This  principle  enables  all  problems  respecting  the 
equilibrium  of  vertically  loaded  flexible  structures  to  be  solved  by 
means  of  the  "  Calculus  of  Variations ;"  but  it  has  not  hitherto  been 
much  applied  to  practical  questions. 

130.  TimMfenMUM  ^T  Bntmmm  m4  CIwIm.  {A.M.,  166.)— The 
principle  explained  in  Article  101,  p.  150,  of  the  transformation 
of  a  set  of  lines  representing  one  balanced  system  of  forces  into 
another  set  of  lines  representing  another  system  of  forces  which  is 
also  balanced,  by  means  of  what  is  called  "  Parallel  Projection," 
being  applied  to  the  theory  of  frames,  takes  the  following 
form  : — 

If  a  frame  whose  linee  of  resigtance  constitute  a  given  figure^  he  hat- 
cmced  under  a  system  of  external  forces  represented  by  a  given  system  of 
tines,  then  wiU  a  frame  whose  lines  of  resistance  constitute  a  figure  which 
is  a  parallel  projection  of  the  original  Jigwret  be  balanced  under  a  system 
offerees  represented  by  the  corresponding  parallel  projection  of  the  given 
system  of  lines;  and  the  lines  representing  the  stresses  along  the  bars  of 
the  new  frame  will  be  the  corresponding  parallel  projections  of  the  lines 
representing  the  stresses  along  the  bars  of  the  original  frame. 

This  theorem  enables  the  conditions  of  equilibriiun  of  any  un- 
symmetrical  frame  which  happens  to  be  a  parallel  projection  of  a 
symmetrical  firame,  to  be  deduced  from  the  conditions  of  equili- 
brium of  the  symmetrical  frame. 

The  principle  of  transformation  by  parallel  projection  is  applica- 
ble to  continuously  loaded  chains  as  well  as  to  polygonal  frames. 
For  instance,  the  bridge-chain  with  sloping  rods  of  Article  126, 
p.  191,  might  be  treated  as  a  parallel  projection  of  a  bridge-chain 
with  vertical  rods,  made  by  substituting  oblique  for  rectangular 
co-ordinates. 

The  algebraical  expressions  for  the  alterations  made  by  parallel 
projection  in  the  co-ordinates  of  a  loaded  chain  or  cord,  and  in  the 
forces  applied  to  it,  are  as  follows : — 

In  the  original  figure,  let  y  be  the  vertical  co-ordinate  of  any 
point,  and  x  the  horizontal  co-ordinate.  Let  P  be  the  vertical  load 
applied  between  any  point  B  of  the  chain  and  its  lowest  point  A ; 

let  j>  =  ^    be  its  intensity  per  horizontal  unit  of  length ;  let  H  be 

the  horizontal  component  of  the  tension;  let  R  be  the  tension  at 
the  point  B. 
Suppose  that  in  the  transformed  figure,  the  vertical  ordinate  y. 
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and  the  vertical  load  P,  which  is  represented  by  a  vertical  line,  are 
unchanged  in  length  and  direction,  so  that  we  have 

y=y;F  =  P; (1.) 

but  for  each  horizontal  co-ordinate  x,  let  there  be  substituted  a 
horizontal  or  oblique  co-ordinate  a:',  inclined  at  the  angle  j  to  the 
horizon  (which  may  be  =  0),  and  altered  in  length  by  t£e  constant 

ratio  --=a.     Then  for  the  horizontal  tension  H,  there  will  be 

X 

substituted  a  horizontal  or  oblique  tension  H*,  parallel  to  a/,  and 
altered  in  the  same  proportion  with  that  co-ordinate;  that  is  to  sa;^, 

x'^ax;  H'  =  aH (2.) 

The  original  tension  at  B  is  the  resultant  of  the  vertical  load  P 
and  the  horizontal  tension  H.  Let  R  be  its  amount,  and  t  its  in- 
clination to  H ;  then 

R^V'P^  +  H^ (3.) 

and  the  ratios  of  those  three  forces  are  expressed  by  the  proportion 

P  :  H  :  R  :  :  tan  t :  1  :  sec  t :  :  sin  t :  cos  t :  1 (4.) 

Let  R'  be  the  amount  of  the  tension  at  the  point  B  in  the  new 
structure,  corres|)onding  to  B,  and  let  H  be  its  inclination  to  the 
horizontal  or  oblique  co-ordinate  x';  then 

R'=V'(F2  +  H'2=t=2FH'sinj) (5.) 

F  :  H' :  R' :  :  sin  i' :  cos  (t'=t=j) :  cosj, (6.) 

The  alternative  signs  =iz  are  to  be  used  according  as  %'  and  j 

The  intensity  of  the  load  in  the  transformed  structure  per  unit  of 
length  measured  along  dx',  whether  horizontally  or  obliquely,  is 

"-S'i- w 

and  if  a/  be  oblique,  and  the  intensity  of  the  load  be  estimated  per 
unit  of  luyrizontal  length,  it  becomes 

p'secj=-P^, (8.) 

a-cos^  ^    ' 

13L  The  Twmmufmrmed  CatenuT  furnishes  a  good  example  of  the 
transformations  of  chains,  being  derived  by  parallel  projection  from 
the  common  catenary.  It  has  already  been  stated  (see  Article 
128,  equations  1)  that  in  the  common  catenary  the  area  0  A  BX, 
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fig.  113,  is  proportional  to  the  arc  A  B,  being  equal  to  a  rectangle 
'  whose  sides  are  respectively  the  modulus  m  =  OA,  and  a  straight 

line  equal  to  the  arc  A  R  Hence  the  common  catenary  is  the 
carve  of  equilibrium  for  a  chain  supporting  a  load  which,  whether 
arising  from  its  own  weight  alone  or  from  other  weights  also,  is 
proportional  upon  any  given  arc  A  B  'of  the 
chain,  to  the  area  enclosed  between  that  arc, 
the  two  ordinates  A  O  and  B  X,  and  the 
dvrectrix  O  X,  which  is  at  the  depth  m  below 
the  vertex ;  the  intensUy  of  the  load  at  any 
point  B  being  proportional  to  the  ordinate 
y  =  B  X.  This  condition  of  the  chain  may 
be  represented  to  the  mind  by  conceiving  the 
whole  load  to  consist  of  the  weight  of  an  uniformly  thick  sheet  of 
some  uniformly  heavy  substance,  bounded  above  by  the  catenary 
and  below  by  the  straight  line  O  X.  Let  w  denote  the  weight  of 
an  unit  of  area  (say  a  square  foot)  of  that  sheet;  then  in  the  Com- 
mon Catenart/, 

the  horizontal  tension  H  =  ti?  •  O  A*=:w»»*; 

the  intensity  of  the  load  at  B  :=p  =  w  y=  —^  (e^  +  «"■)» 

the  load  between  A  and  B  =  P  =  wOAXB  =  fi7/yrfa; 


(1.) 


the  tension  at  B=:^P2+H*  3=  w»»y=  -9— («*+«     *} 

Now  suppose  a  curve  to  be  made,  such  as  is  represented  by  a  (  in 
fig.  114,  by  preserving  the  horizontal  abscissa  of  each  point  in  the 
chain,  but  altering  its  vertical  ordinate  in  a  constant  ratio;  so 
that  \/         y 

OA:Oa:  I'fiLBi^ft;             n 
or  denoting  O  a  by  y^  and^  6  by  ^  \ (2.) 

Then  the  new  curve,  or  Transforued  Catenary,  o6,  is  the 
form  of  equilibrium  for  a  chain  so  loaded  that  the  load  on  any  arc 
a  6  is  proportional  to  the  area  O  a  &  X,  and  the  intensity  at  the  point 
h  to  the  ordinate  X  h.  In  the  transformed  catenary  all  the  hori- 
zontal forces  remain  the  same  as  in  the  original  catenary;  while  all 
the  vertical  forces  are  altered  iu  the  ratio  y^  :  m;  that  is  to  say^ 
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The  horizontal  tension  H'  =  H  =  ir  m^; 
the  intensity  of  the  load  at  h  =jt>'  =  «7  3/  =  ^^fe'^+e''  '"  ) ; 

the  load  between  a  and  b^V  =:iw  fi/ dx  ►  (3,) 

the  tension  at  6  =  ^ F^'+lP. 

In  the  course  of  the  application  of  these  principles,  the  following 
problem  may  occur: — giveUf  the  directrix  OX,  the  vertex  9i,  of  the 
cliainy  arid  a  point  of  support  h;  it  is  required  to  complete  the  figure 
of  ths  chain.  For  this  purpose  it  is  necessary  and  sufficient  to  find 
the  modulus  m,  which  is  done  by  means  of  the  following  formula ; 
let  y^  =  0  a  be  the  oi*dinate  at  a,  y  the  oixlinate  at  the  point  of 
support,  X  the  horizontal  distance  0  X  ;  then, 


.(*•) 


The  principal  use  of  the  transformed  catenary  is  as  a  figure  for 
arches.     (See  the  next  Article.) 

132.   Ijlncar  Arches  mr  Bibs    in   general — Their   TittMsfernMitlea* 

{A,  J/.,  178.)— Conceive  a  cord  or  chain  to  be  exactly  inverted,  so 
that  the  load  applied  to  it,  unchanged  in  direction,  amount,  and 
distribution,  shall  act  inwards  instead  of  outwards ;  su])pose,  further, 
that  the  cord  or  chain  is  in  some  manner  stayed  or  stifiened,  so  as 
to  enable  it  to  preserve  its  figure  and  to  resist  a  thrust ;  it  then 
becomes  a  linear  a/rdi  or  equilibrated  rib  ;  and  for  the  pull  at  each 
point  of  the  original  chain  is  now  substituted  an  exactly  equal 
thrvM  along  the  rib  at  the  corresponding  point 

Linear  arches  do  not  actually  exist ;  but  the  propositions  respect- 
ing them  are  applicable  to  the  lines  of  resistance  of  real  arches  and 
arched  ribs,  in  a  manner  which  will  be  explained  in  treating  of 
masonry. 

All  the  propositions  and  equations  of  the  preceding  Articles, 
respecting  cords  or  chains,  are  applicable  to  linear  arches,  sub- 
stituting only  a  ihrvAt  for  a  pull,  as  the  stress  along  the  line  of 
resistance 

The  principles  of  Article  123,  p.  185,  are  applicable  to  linear 
arches  in  general,  with  external  forces  applied  in  any  direction. 

The  principles  of  Articles  124, 125, 128, 130,  and  131,  pp.  187  to 
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202,  are  applicable  to  linear  arches  under  vertical  loach ;  and  in 
sach  arches,  the  quantity  denoted  hj  H  in  the  formulse  represents  a 
constant  thrust,  in  a  direction  perpendicular  to  that  of  the  load. 

The  form  of  equilibrium  for  a  linear  arch  under  an  uniform  load 
is  a  pofnhola,  similar  to  that  described  in  Article  125,  p.  188. 

In  the  case  of  a  linear  arch  under  a  vertical  load,  the  word  «•- 
trades  is  used  to  denote  the  figure  of  the  arch  itself,  and  the  word 
extrados,  to  denote  a  line  traversing  the  upper  ends  of  ordinates, 
drawn  upwards  from  the  intrados,  of  lengths  proportional  to  the 
intensities  of  the  load. 

The  figure  of  equilibrium  for  a  linear  arch  with  a  horizontal 
extrados  is  either  a  catenary  or  a  transformed  catenary  inverted ; 
and  the  equations  of  Article  131  are  applicable  to  the  determination 
of  its  figure  and  of  the  forces  which  act  in  it,  w  being  taken  to 
denote  the  weight  of  so  much  of  the  loading  material  as  is  contained 
in  one  square  foot  of  the  area  between  the  extrados  0  X,  fig.  113, 
and  the  intrados  A  B  or  a  6.  This  is  what  is  called  by  most 
mechanical  writers,  an  "  equilibrated  arch.** 

The  principles  of  Article  130,  relative  to  the  transtbrmation  of 
cords  and  chains,  are  applicable  also  to  linear  arches  or  ribs.  This 
subject  will  be  further  considered  in  the  sequel. 

133.  ebtewour  Hib  f«r  Fiirid  PreMire*  {A,  M,,  179.) — ^A  linear 
arch,  to  resist  an  uniform  normal  pressure  from  without,  should  be 
circular. 

In  6g,  114,  let  A  B  A  B  be  a  circular  linear  arch,  rib,  or  ring. 


Tig.  114. 


whose  centre  is  O,  pressed  upon  from  without  by  a  normal  pressure 
of  uniform  intensity. 

In  order  that  the  intensity  of  that  pressure  may  be  conveniently 
expressed  in  units  of  force  per  unit  of  area,  conceive  the  ring  in 
question  to  represent  a  vertical  section  of  a  cylindrical  shell,  whose 
length,  in  a  direction  perpendicular  to  the  plane  of  the  figure,  is 
one  foot.  Let  p  denote  the  intensity  of  the  external  pressure,  in 
lb&  on  the  square  foot;  r  the  radius  of  the  ring  in  feet;  T  the 
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thrust  exerted  round  it,  which,  because  its  length  is  one  foot,  is  a' 
thrust  in  lbs.  per  foot  of  length  of  the  cylinder ;  then^ 

T=:pr (1.) 

that  is  to  say : — the  thrust  round  a  circular  ring  under  an  uniform 
normal  pressure  is  the  product  of  the  pressure  on  an  unit  of  circufn- 
forence  by  the  radius. 

The  uniform  normal  pressure  p,  if  not  actually  caused  by  the 
thrust  of  a  fluid,  is  similar  to  fluid  pressure ;  and  it  is  equivalent  to 
a  pair  of  conjugate  pressures  in  any  two  directions  at  right  angles 
to  each  other,  of  equal  intensity.  For  example,  let  x  be  vertical,  y 
horizontal,  and  let  ^,,  jo,,  be  the  intensities  of  the  vertical  and  hori- 
zontal pressure  respectively;  then 

;^*=;^,=-p; W 

and  the  same  is  true  for  any  pair  of  rectangular  pressures;  and  if 
P  be  the  total  vertical  pressure,  and  H  the  total  horizontal  pres- 
sure, exerted  upon  one  quadrant  A  B  of  the  circle,  we  have 

H  =  P  =  T  =jpr. (3.) 

134.  Klllpllcal  BIba  f«r  ITiiiform  Pre— ro.  {A,  Jf.,  180.) — If  a 
linear  arch  has  to  sustain  the  pressure  of  a  mass  in  which  the  pair 
of  conjugate  thrusts  at  each  point  are  uniform  in  amount  and  direc- 
tion, but  not  equal  to  each  other,  all  the  forces  acting  parallel  to 
any  given  direction  will  be  altered  from  those  which  act  in  a  fluid 
majss,  b^  a  given  constant  ratio ;  so  that  they  may  be  represented 
by  joora^^jwq/iecftoTw  of  the  lines  which  represent  the  forces  that 
act  in  a  fluid  mass.  Hence  the  figure  of  a  linear  arch,  which  sus- 
tains such  a  system  of  pressures  as  that  now  considered,  must  be  a 
parallel  projection  of  a  circle;  that  is,  an  eUipse,  To  investigate 
the  relations  which  must  exist  amongst  the  dimensions  of  an  elliptic 
linear  arch  under  a  pair  of  conjugate  pressures  of  uniform  intensity, 
let  A'F  A'B',  B"  A"  B",  in  fig.  114,  represent  elliptic  ribs,  trans- 
formed from  the  ciixjular  rib  A  B  A  B  by  parallel  projection,  the 
vertical  dimensions  being  unchanged,  and  the  horizontal  dimensions 
either  expanded  (as  B"  B"),  or  contracted  (as  B'  B'),  in  a  given 
uniform  ratio  denoted  by  c;  so  that  r  shall  be  the  vertical  and  c  r 
the  horizontal  semi-axis  of  the  ellipse;  and  if  sb,  y,  be  respectively  the 
vertical  and  horizontal  co-ordinates  of  any  point  in  the  circle,  and 
a^,  y,  those  of  the  corresponding  point  in  the  ellipse,  we  shall  have 

a/=aj;  j/  =^cy (1.) 

If  C  C,  D  D,  be  any  pair  of  diameters  of  the  circle  at  right  angles 
to  each  other,  their  projections  will  be  a  pair  of  conjugate  diameters 
of  the  ellipse,  as  C'C,  D'D';  that  is,  diameters  each  of  which  is 
parallel  to  a  tangent  at  the  end  of  the  other. 
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Let  V  be  the  total  vertical  pressure,  and  H'  the  total  horizontal 
prearare,  on  one  quadrant  of  the  ellipse,  as  A'  F,  or  A"  B";  P  is 
also  the  vertical  thrust  on  the  rib  at  K  or  B",  and  H'  the  hori- 
Bontal  thrust  at  A'  or  A". 

Then,  bj  the  principle  of  transformation, 


or,  the  total  thrusts  ore  as  the  axes  to  which  they  are  paraUel, 

Purther,  let  F*  be  the  total  pressure,  parallel  to  any  semi- 
diameter  of  the  ellipse  (as  O'  IX  or  O"  D")  on  the  quadrant  D'  C  or 
D"  C",  which  force  is  also  the  thrust  of  the  rib  at  C  or  C",  the 
extremity  of  the  diameter  conjugate  to  O'  D'  or  O*  D";  and  let 
O'D'orO'D'rs/j  then 

P"-=^'p=r;>r'; (3.) 

or,  the  total  thnuts  are  as  the  semidiameters  to  which  they  are  parallel 
Next,  let  p'^  p^  be  the  intensities  of  the  conjugate  horizontal  and 
vertical  pressures  on  the  elliptic  arch;  that  is,  of  the  *^ principal 
stresses.**  (Articles  109,  112.)  Each  of  those  intensities  being  found 
bj  dividing  the  corresponding  total  pressure  by  the  area  of  the 
plane  to  which  it  is  normal,  they  are  given  by  the  following  equa- 
tion:— 

^'=Tr  =  c^^'  =  7=^^^ (^^ 

so  that  the  intensities  of  the  principal  pressures  are  as  the  squares  of 
ike  asses  of  the  elliptic  rib  to  which  they  are  parallel. 

Hence,  to  adapt  an  elliptic  rib  to  uniform  vertical  and  horizontal 
pressures,  the  ratio  of  the  axes  of  the  rib  must  be  the  square  root  of 
the  rcttio  of  the  intensities  of  the  principal  presnares ;  that  is, 


S2=-\/^- (»■) 


The  external  pressure  on  any  point  U  or  D",  of  the  elliptic  rib 
is  directed  towards  the  centre,  O  or  O",  and  its  intensity,  per  unit 
of  area  of  the  plane  to  which  it  is  conjugate  (0*  C'  or  O"  C),  is 
given  by  the  following  equation,  in  which  r'  denotes  the  semi- 
diameter  (O'  I>  or  O"  D*^  parallel  to  the  pressure  in  question,  and 
r*  the  conjugate  semidiameter  (O'  O  or  O"  C) : — 

P"          r' 
p'^£-=p.J; (6.) 
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that  is^  the  intensity  of  the  pressure  in  the  direction  of  a  given 
diameter  is  directly  as  that  diameter  and  inversely  as  the  conjugate 
diameter. 

Let  p"  be  the  intensity  of  the  external  pi-essure  in  the  direction 
of  the  semidiameter  r".     Then  it  is  evident  that 


p'  ip"  :  :t^  ir"^; 


.(7.) 


that  is,  the  intensities  of  a  pair  of  conjugate  pressures  are  to  each  other 
as  the  squares  of  the  conjugate  diameters  of  the  elliptic  rib  to  which 
they  are  respectively  paralLeL 

135.  ]>iai*rc«d  ElUptic  Bib.  (ii.  Jf.,  181.) — To  adapt  an  elliptic 
rib  to  the  sustaining  of  the  pressui*e  of  a  mass  in  which,  while  the 
state  of  stress  is  uniform,  the  pressure  conjugate  to  a  vertical  pres- 
sure is  not  horizontal,  but  inclined  at  a  given  angle  j  to  the 
horizon,  the  figure  of  the  ellipse  must  be  derived  from  that  of  a 
circle  by  the  substitution  of  inclined  for  horizontal  co-ordinates. 

In  ^g»  1  ]  5,  let  B  A  C  be  a  semicircular  arch  on  which  the  ex- 
ternal pressures  are  normal  and  uniform,  and  of  the  intensity  /?,  as 
before ;  the  radius  being  r,  and  the  thrust  round  the  arch,  and  load 
on  a  quadrant,  being  as  before,  P  =  H  =  T=pr.  Let  D  be  any 
point  in  the  circle,  whose  co-ordinates  are  vertical,  O  E  =  a;,  hori- 
zontal, E  D  =  y.  Let  B*  A'  C  be  a  semi-elliptic  arch,  in  wjiich  the 
vertical  ordinates  are  the  same  with  those  of  the  circle,  while  for 


each  horizontal  ordinate  is  substituted  an  ordinate  inclined  to  the 
horizon  by  the  constant  angle  j,  and  bearing  to  the  corresponding 
horizontal  ordinate  of  the  circle  the  contant  ratio  c  \  that  is  to  say, 
let 

OTE'  =  a;'=:a;;"E^'  =  y  =  cy;  -:^  EE' D'=/...  (L) 

Then  for  the  vertical  semidiameter  of  the  circle  O  A  =  r,  will  be 
substituted  the  equal  vertical  semidiameter  of  the  ellipse  O'  A'  =  r; 
and  for  the  horizontal  semidiameter  of  the  circle  C  B  =  r,  will 
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be  smbstituted  the  inclined  semidiameter  of  the  ellipse  C'Ksc  r, 
-wliicli  is  eonjugcUe  to  the  vertical  semidiameter. 

The  forces  applied  to  the  elliptic  arch  are  to  be  resolved  into 
vertical  and  inclined  components,  parallel  to  C  A'  and  C  R,  instead 
of  vertical  and  horizontal  components.  Let  F  denote  the  total 
vertical  pressure,  and  H'  the  total  inclined  pressure,  on  either  of 
the  elliptic  quadrants,  CA',  A'B';  H'  is  also  the  inclined  thrust 
of  the  arch  at  A',  and  F  the  vertical  thrust  at  F  or  C.     Then 

H'  =  cH  =  cP  =  cpr;  f ^^'> 

that  is  to  say,  those  forces  are,  as  before,  proportional  to  tJie 
diameters  to  which  they  are  parallel. 

Let  p',  be  the  intensity  of  the  vertical  pressure  on  the  elliptic 
arch  per  unit  of  area  of  the  inclined  plane  to  which  it  is  conjugate, 
C  B* ;  let  p'ff  be  the  intensity  of  the  inclined  pressure  per  unit  of 
area  of  the  vertical  plane  to  which  it  is  conjugate;  then 

80  that,  as  before,  the  irUensitiee  of  the  conjugate  pressures  are  as  t/ie 
squares  of  the  diameters  to  which  tliey  are  pa/rallel. 

The  thrust  of  the  arch  at  any  point  D^  is  as  before,  proportional 
to  the  diameter  conjugate  to  (y  D'. 

It  is  sometimes  convenient  to  express  the  intensity  of  the  verti- 
cal pressure  per  unit  of  area  of  the  horizontal  projection  of  the  space 
over  which  it  is  distributed  j  this  is  given  by  the  equation 

p''-'^^=^j' (*•) 

It  is  to  be  borne  in  mind  that  this  is  not  the  pressure  on  unity 
of  area  of  a  horizontal  plane  (which  pressure  is  inversely  as  the 
horizontal  diameter  of  the  ellipse,  and  directly  as  the  diameter  con- 
jugate to  that  diameter,  to  which  latter  diameter  it  is  parallel),  but 
the  pressure  on  that  area  of  a  plane  inclined  at  the  angle  j,  whose 
horizontal  projection  is  unity. 

The  following  geometrical  construction  serves  to  determine  the 
major  and  minor  axes  of  the  ellipse  B'  A'  C. 

Draw  O'  a  -L  and  =  O'  A' ;  join  B'  a,  which  bisect  inm;  in  B'  a 
produced  both  ways  take  mp  =  m  q  =  (y  m;  join  O'p,  (yq;  these 
lines,  which  are  perpendicular  to  each  other,  are  the  directions  of 
the  axes  of  the  ellipse,  and  the  lengths  of  those  axes  are  respectively 
equal  to  the  segments  of  the  line^  q,  viz.,  Wp  =  aq,  B'  q=zap. 
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^        The  following  is  the  algebraical  expression  of  this  solution: — Let 
A  denote  the  major  and  B  the  minor  semi-axis  of  the  ellipse. 
Then 
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(5.) 


The  angle  .^  B'  O'  j3,^which  the  nearest  axis  makes  with  the 
diameter  C  B',  is  found  by  the  equation 

'     '  according  as  that  axis  is  the  longer      the  shorter. 

^   '^    ".^       136.   Bibs  Ibr  lf«nmil  PraMiire— HydMstatlc  Arch.     {A,  M.,  182, 

'«    ';    "^  183,  319  A.) — ^The  condition  of  a  linear  arch  of  any  figure  at  any 

^\  ^  point  where  the  pressure  is  normal,  is  similar  to  that  of  a  circular 

'y<  ^  rib  of  the  same  curvature  under  a  pressure  of  the  same  intensity ; 

\,    ^  '^and  hence  the  following  principle: — the  thrust  at  any  normally 

-  ''  pressed  point  of  a  rib  is  the  product  of  the  radius  ofcurvaiv/re  by  the 

intensity  of  the  pressure;  that  is,  denoting  the  radius  of  curvature 

%    '*      by  ^,  the  normal  pressure  per  unit  of  length  of  curve  by  ^,  and  the 

^- '      thrust  by  T, 

'^  '^-Pt (1.) 

It  is  further  evident,  that  if  the  pressure  be  normal  at  every  point 
of  the  riby  the  thrust  must  be  constant  at  every  point ;  for  it  can 
vary  only  by  the  application  of  a  tangential  pressure  to  the  arch ; 
and  the  radius  of  curvature  must  be  inversely  as  the  pressure. 

This  is  the  case  in  the  Hydrostatic  Arch,  which  is  a  linear  arch 
or  rib  suited  for  sustaining  normal  pressure  at  each  point  propor- 
tional, like  that  of  a  liquid  in  repose,  to  the  depth  below  a  given 
horizontal  plane. 

The  radius  of  curvature  at  a  given  point  in  the  hydrostatic  arch 
being  inversely  proportional  to  the  intensity  of  the  pressure,  is  also 
inversely  proportional  to  the*  depth  below  the  horizontal  plane  at 
which  vertical  ordinates  representing  that  intensity  commence. 

In  fig.  116,  let  Y  O  Y  represent  the  level  surface  from  which  the 
pressure  increases  at  an  uniform  rate  downwards,  so  as  to  be  similar 
to  the  pressure  of  a  liquid  having  its  upper  surface  at  Y  O  Y.  Let 
A  be  the  crown  of  the  hydrostatic  arch,  being  the  point  where  it  is 
nearest  the  level  surface,  and  consequently  horizontal  I^t  co- 
ordinates be  measured  from  the  point  O  in  the  level  surface,  directly 
above  the  crown  of  the  arch;  so  that  O  X  =  YC  =  a;  shall  be  the 
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Tettical  ordinate,  and  O  Y=sX  0  =  y  the  horixontal  ordinate,  of  anj 
point,  0,  in  the  arch.     Let  O  A,  the  least  depth  of  the  aich  below 
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the  level  smface,  be  denoted  by  Xq,  the  radius  of  corvatore  at  the 
crown  by  eo>  *^^  *^®  radius  of  curvature  at  any  point,  C,  by  ^ 

Let  w  be  the  weight  of  an  unit  of  volume  of  the  liquid,  to  whose 
presBore  the  load  on  the  arch  is  equivalent.  Then  the  intensities  of 
the  external  normal  pressure  at  ^e  crown  A,  and  at  any  point,  C, 
are  expressed  respectively  by 

p^=U7a^;  p=zwx. (2.) 

The  thrust  along  the  rib^  which  is  a  constant  quantity,  is  given  by 
the  equation 

T=:zp^^^=zwxQto=Pe  =  vfxr, (3.) 

from  which  follows  the  following  geometrical  equation,  being  that 
which  characterises  the  figure  of  the  arch : — 

«C  =  «beo^ (3.) 

When  Xq  and  eo  are  given,  the  property 

of  having  ti^e  radius  of  curvature  inversely 

proportional  to  the  vertical  ordinate  from 

a  given  horizontal  axis  enables  the  curve 

to  be  drawn  approximately,  by  the  junction 

of  a  number  of  short  circular  arcs,  as  in  fig. 

117;  the  radius  of  each  short  arc  being 

inversely  as  the  mean  depth  of  that  arc 

below  O  Y.     The  curve  is  found  to  present 

some  resemblance  to  a  trochoid  (with  which, 
however,  it  is  by  no  means  identical).  At 
a  certain  point,  B,  it  becomes  vertical, 
beyond  which  it  continues  |to  turn,  until 
at  D  it  becomes  horizontal;  at  this  point 
its  depth  below  the  level  surface  is  greatest, 
and  its  radius  of  curvature  least.  Then 
ascending,  it  forms  a  loop,  crosses  its  former 
courae^  and  proceeds  towards  E  to  form  a  second  arch  similar 

p 


Fig.  117. 
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to  B  A  B.  Its  ooils,  oonsisting  of  alternate  arches  and  loops,  all 
similar,  follow  each  other  in  an  endless  series. 

It  is  obvious  that  only  one  coil  or  division  of  this  curve,  viz., 
from  one  of  the  lowest  points,  D,  through  a  vertex,  A,  to  a  second 
point,  D,  is  available  for  the  figure  of  an  arch;  and  that  the 
portion  BAB,  above  the  points  where  the  curve  is  vertical,  ia 
alone  available  for  supporting  a  load. 

Let  0^,  y^y  he  the  co-ordinates  of  the  point  R  The  vertical  load 
above  the  semi-arch  A  B  is  represented  by 

F,  =  wf\dy; (4.) 

and  this  being  sustained  by  the  thrust  T  of  the  arch  at  B^  must  be 
equal  to  that  thrust;  whence  follows  the  equation 

a  e  =  iCo  fo  =  jQ^^y (^O 

The  vertical  load  above  any  point,  C,  is 

P  =  w  f'xdfj^Tmii:  (6.) 

i  being  the  inclination  of  the  arch  to  the  horizon. 

The  horizontal  external  pressure  against  the  semi-arch  from  B  to 
A  is  the  same  with  that  on  a  vei-tical  plane,  A  F,  immersed  in  a 
liquid  of  the  specific  gravity  w,  with  its  upper  edge  at  the  depth  Xq 
below  the  surface  (see  Article  107',  p.  166);  and  it  is  balanced  by  the 
thrust  T  at  the  crown  of  the  arch,  so  that  its  amount  is 

TL=:wppdx  =  w'^^'=:T=p^ (7.) 

Equation  7  gives  for  the  value  of  the  vertical  tangent  ordinate 
atB, 

0^  =  J4  +  2^ (8.) 

The  horizontal  external  pressure  between  B  and  any  point,  C,  is 
equal  to  the  pressure  of  a  liquid  of  the  specific  gravity  to  on  a 
vertical  plane  X  F  with  its  upper  edge  immersed  to  the  depth 
«,  so  that  its  amount  is 

wj%dai=  w  '  -^^  -  ss  T  cost. (9.) 

The  various  geometrical  properties  of  the  figure  of  the  hydro- 
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static  arch  ezpreaaed  by  the  preceding  eqnationfl  are  thua  aammed 
ap  in  one  fonnula, — 

^^  Jo  aint  2  2oo8t^' 

To  obtain  exact  expressions  for  the  horizontal  co-ordinate  y, 
whoae  maximum  value  is  the  half-span  y^,  and  also  for  the  l^^f^ 
of  arcs  of  the  curve,  it  is  necessary  to  use  elliptic  functions.  Those 
functions  are  so  little  studied  that  their  use  will  not  be  further 
adverted  to  here.  The  reader  is  therefore  referred,  for  further  inform 
mation  on  that  point,  to  the  papers  of  M.  Yvon- Yillaroeaux,  in  the 
Memoires  des  Sa/vana  Hrangera^  voL  xii.,  and  in  the  Retoue  de 
PArdiUecture  for  1845,  and  to  A  Manual  of  Applied  MechanicB, 
pl93. 

For  practical  purposes,  the  following  approximation  is  in  general 
sufficient  :— 

Pbobleil — Given  the  rise  F  A  =  a  and  half-span  F  B  =  y,,  of 
a  proposed  hydrostatic  arch:  it  ia  required  to  find  the  depth  of 
load  Xq  at  the  crown,  and  the  radii  of  curvature,  ^  ^^,  at  the  crown 
A  and  springing  B,  to  draw  the  arch,  and  to  compute  its  load  and 
thrust. 

A  close  approximation  to  0:0  is  given  as  follows : — 

Let6=yi  +  ^J^;  then 

'I:      y ("•) 

Then  observing  that  x^  =  O  F  ^  Xq+  a^  y^e  find,  from  equation 
10, 

^-;2-^o-=^  +  2To' 

X\  —  aj  ^  a* 

These  radii  being  known,  the  figure  of  the  arch  can  be  drawn 
approximately  by  small  drcnlar  arcs,  as  in  fig.  117,  already 
described. 

The  load  on  the  half-«rch,  and  the  thrust,  which  are  equal  to 
each  other,  are  now  to  be  computed  by  equation  7,  p.  210. 

A  mechanical  mode  of  drawing  a  hydrostatic  arch  is  based  on 
the  fact^  that  its  figure  is  identical  with  one  of  the  <<  elastic 


(12.) 
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curves"  or  forms  assumed  by  an  uniformly  stiff  spring  when  bent. 
(A.  M.,  319a.) 

The  accuracy  of  figure  and  uniformity  of  stiffness  of  a  spring  are 
to  be  ascertained  by  the  two  following  tests : — 

First,  the  spring  when  unstrained  should  be  exactly  straight : 

Secondly,  when  bent  into  a  hoop  by  pinching  the  two  ends 
together,  it  should  form  an  exact  circle. 

A  spring  A  (fig.  118),  fulfilling  these  conditions,  is  to  have  its 

ends  fixed  to  two  bars  at 

^ c^ .|^E — ^     B  and  D,  and  the  other 

^.  -^^'-rA-^v^         /  ^^^^  ^^  those  bars,  C  and 

NS.    /^  \  //  E,  are  to  be  pulled  directly 

^/  y  asunder.  Then  the  straight 

iiv>  %  line   C   E  in   which    the 

yig  ijg^  forces  so  pulling  the  bars 

are  exerted,  will  represent 

the  upper  surface  of  the  loading  material,  and  the  spring  A  will 

assume  the  figure  of  the  corresponding  hydrostatic  archl    Any 

proportion  of  rise  to  span  can  be  obtained  by  varying  the  tension 

on  the  ends  of  the  bars,  and  the  proportion  which  their  lengths 

bear  to  the  length  of  the  spring. 

137.  Transfinned  HydrMtetIc,  Mr  CtMMUlc  Arch.  {A,  M.,  184.)— 
It  has  been  proposed,  by  this  term,  to  denote  a  linear  arch  of  a 
figure  suited  to  sustain  a  pressure  similar  to  that  of  earth,  which 
(as  will  be  shown  in  the  sequel)  consists,  in  a  given  vertical  plane, 
of  a  pair  of  conjugate  pressures,  one  vertical  and  proportional  to 
the  depth  below  a  given  plane,  horizontal  or  sloping,  and  the  other 
parallel  to  the  horizont^  or  sloping  plane,  and  bearing  to  the 
vertical  pressure  a  certain  constant  ratio,  depending  on  the  nature 
of  the  material,  and  other  circumstances  to  be  explained  in  the 
sequel.  In  what  follows,  the  horizontal  or  sloping  plane  will  be 
called  the  c(mjuga4e  pUme,  and  ordinates  parallel  to  its  line  of 
steepest  declivity,  when  it  slopes,  or  to  any  line  in  it,  when  it  is 
horizontal,  conjugate  ordinatee.  The  intensity  of  the  vertical  pres- 
sure will  be  estimated  per  unit  of  area  of  the  conjugate  plane;  and 
the  pressure  parallel  to  the  line  of  steepest  declivity  of  that  plane, 
when  it  slopes,  or  to  any  line  in  it,  when  it  is  horizontal,  will  be 
called  the  conjugate  preasure,  and  its  intensity  will  be  estimated  per 
unit  of  area  of  a  vertical  plane. 

Let  p^  denote  the  intensity  of  the  vertical  pressure,  and  p, 
that  of  the  conjugate  pressure,  at  any  given  point.  Construct 
the  figure  of  a  hydrostatic  arch  suited  to  sustain  fluid  pressure 
of  the  intensity/?^  Then  the  transformed  arch  is  to  be  drawn 
by  preserving  all  the  vertical  co-ordinates  of  the  hydrostatic 
arch,  and  changing  the  horissontal  oo-ordinates   into  conjugate 
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o(H)rdiiiate8,    haying    their    lengths    altered    in    the    constant 
ratio. 


=x/S 


•(!•) 


exadJj  as  in  the  case  of  transforming  a  circular  into  on  elliptic 
rib,  in  Article  134  and  13d. 
The  radius  of  curvature  at  the  springing  is  altered  in  the  ratio 

,  and  that  at  the  crown  in  the  ratio  ^  :  1. 

c 

Let  Py  P',  be  the  total  vertical  loads  on  one-half  of  the  original 
and  transformed  half-arch  respectively;  H  =:  P  and  H',  their 
respective  conjugate  thrusts,  of  which  the  former  is  horizontal,  and 
the  latter  may  be  hotizontaly  or  inclined  at  the  angle  j. 

Then  the  bulk  of  the  transformed  arch  with  its  load  is  altered  in 
the  ratio  of  c  cosj  :  1 ;  and  if  the  new  and  transformed  arches  hm 
of  the  same  material,  we  find, 


F  =  cooeyP;  H' =  c  F  =  c«  cos^'P. 


,.(2.) 


138.  A  I.IBCV  Arch  Mr  Hib  •fmmf  visww  {A,  M.,  ISd,  187),  under 
a  Vertical  had  distrOmted  in  a/ny  ma/rmer,  being  given,  it  is  always 
poftdble  to  determine  a  system  of  horusontal  or  sloping  pressures, 
which,  being  applied  to  that  rib,  will  keep  it  in  eqiulibrio.  These 
last  may  be  called  the  Conjugate  Frewwres. 

The  only  case  which  will  here  be  given  in  detail  is  that  in 
which  the  conjugate  pressures  are  horizontal,  and  the  load  symme- 
trically distributed  on  each  side  of  the  crown  of  the  arch.  A, 
fig  119. 

Problem  I. — ^To  find  the  total  horizontal  pressure  against  the 
nb  below  a  given  point.  The  following  is  the  graphic  solution  of 
this  problem  : — Let  C  be  any  point  in  the  rib. 


Vy               o 

A 

/^" 

si 

r 

XL 

B 

c 

K: 

Fig.  119.  Fig.  120.  • 

In  the  diagram  of  forces,  fig.  \  20,  draw  o  e  parallel  to  a  tangent 
to  the  rib  at  ^  Draw  the  vertical  line  o  5  as  a  scale  of  loads,  on 
which  take  o  A  =:  P  to  represent  the  vertical  load  supported  on  the 
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arc  A  C.  Throngb  h  draw  the  horizontal  line  h  e,  catting  o  e  in  e; 
then  o  c  =  T  will  be  the  thrast  along  the  rib  at  C,  and  A  c  =  H, 
the  horizontal  component  of  that  thrast^  will  be  the  total  honzonUU 
pre88ure  vMch  must  be  exerted  againgt  C  B,  ^  part  of  the  rib 

This  solution  is  expressed  algebraically  as  follows : — ^As  the 
origin  of  co-ordinates  in  fig.  119,  take  any  convenient  point  0  in 
the  vertical  line  O  A  traversing  the  crown  of  the  arched  rib;  let 
OX  =  YC  =  aandOY  =  XC  =  ybethe  co-ordinates  of  the 
point  C ;  so  that  if  t  is  the  inclination  of  the  arch  at  C  (and  of  the 
line  o  c  in  fig.  120)  to  the  horizon,  dy-r-d  x  =  cotan  t. 

Then, 

H  =  P^  =Pcotani;  T  ==  ^/FTH2  =  P oosec i  (1.) 
a  X 

Problem  II. — ^To  find  the  thrust  at  the  crown  of  the  rib. 

The  preceding  process  fails  to  give  any  result  for  the  crown  of 
the  rib  A;  but  the  principle  of  Aridcle  133,  p.  204,  shows,  that  if 
Pq  be  the  value  otdV  -i-  dy,  the  intensity  of  the  load,  at  that 
point,  the  horizontal  thrust  is 

To=Po^; (2) 

P^  being  the  radius  of  curvature  of  the  rib  at  its  crown. 

Problem  III. — To  fmd  ike  mean  intensity  of  the  horizontal 
pressure  required  in  a  given  layer  of  the  spcmdril;  that  is,  of  the 
mass  of  material  touching  the  convex  side  of  the  rib.     (Fig.  119.) 

Let  (y  (fig.  119)  be  a  point  in  the  arch  a  short  way  below  C, 
whose  co-ordinates  Sixe  x  •{-  d x,  y  +  dy,  ao  that  dxis  the  depth 
of  the  horizontal  layer  C  E  £7  C.  In  die  diagram  of  fproes  (fig. 
120),  draw  o  (/  parallel  to  a  tangent  to  the  rib  at  C;  on  the 
vertical  scale  of  loads  take  oA'  =  PH-rfPto  represent  the 
vertical  load  on  the  arc  A  C;  draw  the  horizontal  line  h'  &  cutting 
0  c'  iacf.  Then  o  <?'  =  T'  is  the  thrust  along  the  rib  at  C;  and 
h*  &  =.  H',  the  horizontal  component  of  that  thrust,  is  the 
horizontal  pressure  which  must  be  exerted  against  the  part  of  the 
rib  below  C;  so  that 

A  c  —  y  c'  =  H  —  H'  =  —  rf  H, (3.) 

is  the  horizontal  pressure  to  be  exerted  through  the  layer  C  E  K  C 
and 

the  intensity  of  that  pressure. 
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The  negative  sign  prefixed  to  J  H  denotes  that  if  H  ^KmUmsku 
tn  ^ng  doumwardsy  as  in  the  example  gi^en,  pressure  is  required 
through  the  layer.  Through  those  layers  at  which  H  inereasei  in 
fcnang  (ibtcmuxirdlfy  either  Undcm  from  toUhaui,  or  presture  Jrqm 
wiihin,  is  required  to  keep  the  rib  in  equilibrio. 

Problem  IY. — ^To  find  the  greatest  horiaontal  thrust^  and  the 
"  point  of  rupture,"  and  "  angle  of  rupture." 

First  Sclviion. — 'Bj  a  graphic  prooessL  Through  o  in  fig.  120, 
draw  a  number  of  radiating  lines,  such  as  o  e,  o  &,  &c,  pandlel  to 
the  rib  at  various  points,  as  0,  O,  dec,  and  find  as  in  Problem  L 
and  m,  the  lengths  of  those  lines  so  as  to  represent  the  thrust 
along  the  rib  at  ^e  several  points  C,  C,  &c  The  length  of  the 
horizontal  line  o  a,  representing  the  thrust  at  the  crown,  is  to  be 
calculated  as  in  Problem  II.  Through  the  points  a,  c,  </,  ko,, 
thus  found,  draw  a  curve.  Find  the  point  d  in  that  curve  which 
is  furthest  from  the  scale  of  loads  o  b;  then  the  horizontal  line 
d  k  =  'Bi^  will  represent  the  maximum  horizontal  thrust 

Join  0  dy  and  find  the  point  D  in  fig.  119,  at  which  the  rib  is 
parallel  to  o  d;  this  is  the  "point  of  rupture,"  or  point  at  which 
the  horizontal  thrust  attains  a  maximum;  and  the  ''angle  of 
rapture"  is  the  inclination  of  the  rib  at  that  point,  or  .^:^  i^  o  a  in 
fig.  120,  which  will  be  denoted  in  the  sequel  by  i^ 

The  horizontal  plane  D  F  is  the  upper  boundaiy  of  that  part  of 
the  spandril  which  exerts  the  maximum  horizontal  pressure  Hq. 

Second  SdiiUan. — By  arithmetical  trial&  Compute,  as  in  Problem 
I.,  the  values  of  H  for  some  points  in  the  arch.  Between  the  point 
which  gives  the  greatest  value  of  H  in  the  first  set  of  trials,  and 
the  two  on  either  side  of  it,  introduce  intermediate  points,  for 
which  compute  the  values  of  H,  and  repeat  the  process  until  the 
point  of  rupture  is  found  with  the  desired  d^ree  of  exactness. 

Third  Solution, — By  the  differential  calculus  and  the  solution  of 
an  equation.  If  the  relations  between  x,  y,  and  P  can  be  expressed 
by  equations,  make  the  expression  for  the  inUndty  of  the  horizontal 
pressure  in  equation  4  equal  to  0;  and  by  solving  the  equation  so 
obtained,  deduce  the  position  of  D  and  the  values  of  i^  and  H^. 
The  equation  to  be  solved  has,  in  most  cases,  two  roots,  one  of 
which  corresponds  to  the  crown  of  the  arch  A,  and  the  other  to 
the  required  point  D ;  but  it  is  easy  to  distinguish  between  them. 
If  there  are  more  than  two  roots,  they  indicate  a  set  of  points 
&t  each  of  which  p^  =  0,  and  which  are  alternately  points  of 

that  ia^  according  as  -^  is  \  ^^^^  [ .    Oases  of  this  Idnd  are 
of  rare  occurrence  in  practice 
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If  there  is  but  oue  root,  it  oorresponds  to  the  crown  of  the  rib ;  the 
hTdrostatic  arch  (Article  136),  is  an  example  of  this,  in  which  the 
crown  is  the  point  of  greatest  horizontal  thrust.  In  the  Catenaiy 
(Article  128),  and  Transformed  Catenary  (Article  131),  and  other 
''  curves  of  equilibrium"  for  vertical  loads  (Article  123),  H  is  con- 
stant^ and  j9y  =  0  for  every  point  in  the  rib. 

If  the  rib  rises  veriicaUy  from  its  springing-point,  as  at  B,  the 
whole  of  the  horisontal  pressure  which  sustains  it  is  distributed 
through  the  layers  of  the  spandriL  (The  term  "complete'*  has  lately 
been  introduced  to  denote  such  a  rib.)  If  the  arch  rises  obliquely 
ftom  such  a  springing-point  as  C,  part  at  least  of  its  greatest 
horizontal  thinist  consists  of  the  horizontal  component  of  the 
thrust  along  the  rib  at  that  point.  Such  a  rib  is  said  to  be 
''  eegmaniaL'' 

Let  t\  denote  the  inclination  to  the  horizon  of  the  rib  at  ita 
springing-point,  and  P^  the  whole  vertical  load  from  the  crown  to 
the  springing-point :  then  the  horizontal  component  in  question  is 
P^  ootan  i^;  so  that  Hq  —  P^  cotan  t^  is  the  part  of  the  greatest 
horizontal  thrust  which  is  dis<aributed  through  the  spandril. 

Pboblbx  y. — ^To  find  the  position  of  the  resultant  of  the 
maximum  horizontal  thrust. 

From  the  point  of  rupture  D  down  to  the  springing,  conceive  the 
spandril  to  be  divided  into  horizontal  layers.  Let  d  x  denote  the 
depth  of  any  one  of  those  layers ;  p^  the  intensity  of  the  horizontal 
pressure  exerted  by  it  against  the  rib ; 

«,  the  depth  of  ittf  centre  below  O  Y,  fig.  119  ; 
«Q,  the  depth  of  the  joint  of  rupture  below  O  Y; 
a^y  the  depth  of  the  springing-point  below  O  Y; 

Then,  x^y  the  required  depth  of  the  resultant  below  O  Y,  may 
be  expressed  in  either  of  the  following  forms  : — 

/    ^xcfR       I  JxPfd X  +  x.T,  cotan u 
*H  =  ^^5^  =  ^^-^-^ ^-^ (5.) 

Example  I.— In  the  Catena/ry  and  Transformed  Catenary,  and 
other  ribs  equilibrated  under  vertical  loads, 

,      C    .1.  .-'      Hq  =  Pi  cotan  ij ;  x    =  x. (6.) 

•  *  n 

Example  II. — In  a  Semicircular  Rib  of  the  radius  r  under  uniform 
normal  pressure  of  the  intensity  p ;  let  the  origin  of  co-ordinates 
be  at  the  crown  of  the  arch.  '  v:    '*,  t  r  .  '^  -r,  '  .•  ^      ^^-"7  s.  pr 


RESUZ/TANT  THBUBT  OP  ABCHBD  EI&  217 


Ho=pr;  aja  =  ^ (7.) 


2' 

Ab  to  Bemi-eHipiic  arches  under  conjugate  uniform  preBsures,  eee 
Article  134,  p.  205. 

Example  IIL — In  the  ffydroitatic  Artk^  as  in  fig.  116,  Article 
136,  p.  209,  let  the  origin  of  co-ordinatm  be  in  the  extrados 
aboTe  the  crown ;  then  ^  .  ^  •  jo  »  '  r 

V,-.;:.    ^-'"  — 2^'*"=3  ir=^ ^®^ 

In  the  transformed  hydrostatic  or  geostatic  arch,  Xh  is  the  same 
as  in  the  hydrostatic  arch.  As  to  the  thrust,  see  Article  137, 
p.  213. 

Bxampls  IV, — In  a  SmUeircular  Rib  with  a  horizontal  extrados, 
let  r  be  the  radius  of  the  rib ;  let  the  origin  of  co-ordinates  be  at 
the  crown  of  the  areh ;  let  m  r  be  the  height  of  the  extrados  above 
the  crown ;  and  let  w  be  the  weight  of  each  unit  of  vertical  area 
of  the  load. 

The  intensity  of  the  horizontal  pressure  through  a  given  layer 
of  the  spandril  is, 

/-    ,                  .      i — oostsiniX  .^  .    , 

p,  =  «;r(^l+m-cos^ g  sin»  H (^^  . 

The  angle  of  rupture  Iq  is  found  by  solving  the  transcendental 
equation, 

'       P,  =  0, (10.) 

This  is  to  be  done  by  successive  approximations ;  and  as  a  first 
approximation  may  be  taken 

tQ=arc'cos 5 — approximately 00  a.) 

The  maximum  thrust  is  given  by  the  formula 

and  the  depth  of  its  resultant  below  the  crown  of  the  arch  by  the 
formula 

''^^  is-,  A-,  •«       /-SCO 

V-'.  A^.*  »■=  £•  /^  P,Bint(l-co8»)rf» .(12.) 

ExasnpU  V. — In  a  Circular  SegmevUal  Rib  with  a  horizontal 
extrados^  let  »j  be  the  inclination   of  the  arch  at  the  springing, 
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and  P^  the  vertical  load  at  the  springing,  and  let  the  rest  of  the 
notation  be  as  in  the  last  example. 

Let  the  angle  of  rupture  be  found  as  before. 

Cane  1. — 10  >  or  =  t|.     Then 

Hq  =  Pi  ootan  tj ;  a?H  =  r  (1  —  cos  i^) (13.) 

Case  2. — »q  <  i^     Find  Hq  and  p^  as  in  Example  IV. ;  then 

a?H  =  Tf*  yltPf^^^O- — COS  t)rft  +  r  Pj  ootan  tj 


(1-«>8»,)J 


(14.) 


Example  YL — Semi-elliptic  Rib,  wUh  a  horizanUd  extrado9. 
Conceive  a  seipicircular  rib  whose  radius  is  equal  to  the  rise  of 
the  semi-elliptic  rib,  and  extrados  at  the  same  height  above  the 
crown,  and  find  H^  and  x^  for  the  semicircular  rib  as  in  Example 
lY.  Xe  for  the  semi-elliptic  rib  will  be  the  same;  and  the  thrust 
is  to  be  found  by  the  principle  of  transformation,  as  in  Article 
134,  p.  205. 

Tbe  best  form,  however,  for  oval  complete  ribs  is  that  of  the 
hydrostatic  arch,  which  sufficiently  resembles  the  semi-ellipse  to  be 
substituted  for  it 

139.  p«iatc«  Bfflk — If  a  linear  arch,  as  in  fig.  121,  consists  of 
two  arcs,  B  C,  C  B,  meeting  in  a  point  at  C,  it  is 
necessary  to  equilibrium  that  there  should  be  con- 
centrated at  the  point  C  a  load  equal  to  that  which 
would  have  been  distributed  over  the  two  arcs 
AC,  C  A,  extending  from  the  point  C  to  the 
respective  crowns.  A,  A,  of  the  curves  of  which 

Fig.  121.        two  portions  form  the  pointed  arcL 
Under  the  head  of  "  Masonry  "  it  will  be  shown  how  and  under 
what  circumstances  that  concentration  of  load  becomes  unnecessary 
in  stone  arches. 

140.  BiaMiiir  •tnimtkm.  {A.M.,  205,  206.)— The  conditions  of 
stability  of  a  single  block  supported  upon  another  body  at  a 
plane  joint  may  be  thus  summed  up : — 

In  ^g.  122,  let  A  A  represent  the  upper  blocks 
B  B  part  of  the  supporting  body,  e  K  the  joints 
C  its  centre  of  pressure,  P  C  the  resultant  of 
the  whole  pressure  distributed  over  the  joint, 
N  C,  T  C,  its  components  perpendicular  and 
paraUel  to  the  joints  respectively.  Then  the 
^  conditions  of  stability  are  the  following : — 
Fig.  122.  I.  In  order  thai  the  block  nusy  not  dide,  the 
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chUfKty  of  the  prewuve  must  not  exceed  Ae  angle  of  repoee  (see 
Arbde  110,  p.  171),  that  is  to  saj, 

^PCN^(p (L) 

IL  In  order  thai  the  hiock  may  he.in  no  tlanger  (^overturning,  the 
ratio  which  the  deviation  of  the  centre  ofpreeafwre  from  the  centre  of 
figwre  of  the  joint  hears  to  the  length  of  the  diameier  of  the  joint 
tranerwng  thoee  two  centreSj  must  not  exceed  a  certain  fraction.  The 
valae  of  that  fraction  varies,  according  to  circumstances,  which 
will  be  exjAained  in  treating  of  Masoniy,  from  one-eighth  to  three- 
ei^tha 

The  first  of  these  conditions  is  called  that  of  staHnHty  of  friction, 
the  second,  that  of  stability  ofpoeitUm, 

In  a  structure  composed  of  a  series  of  blocks,  or  of  a  series  of 
courses  so  bonded  that  each  may  be  considered  as  one  block,  which 
blocks  or  courses  press  against  each  other 
at  plane  joints,  the  two  conditions  of 
stability  must  be  fulfilled  at  each  joint 

Let  fig.  123  represent  part  of  such  a 
structure,  1,  1,  2,  2,  3,  3,  4,  4,  being 
some  of  its  plane  joints. 

Suppose  the  centre  of  pressure  C^  of 
the  joint  1,  1,  to  be  known,  and  also  the 
amount  and  direction  of  the  pressure,  as 
indicated  by  the  arrow  traversing  C^.  ^ff*  ^-3« 

With  that  pressure  combine  the  weight  of  the  block  ],  2,  2,1, 
together  with  any  other  external  force  which  may  act  on  that  block ; 
the  resultant  will  be  the  total  pressure  to  be  resisted  at  the  joint 
2,  2,  which  wiU  be  given  in  magnitude,  direction,  and  position,  and 
will  intersect  that  joint  in  the  centre  of  pressure  C2.  By  continu- 
ing this  process  there  are  found  the  centres  of  pressure  C3,  C^  &c, 
of  any  number  of  successive  joints,  and  the  directions  and  magni- 
tudes of  the  resultant  pressures  acting  at  those  joints. 

The  magnitude  and  position  of  the  resultant  pressure  at  any  joint 
whatsoever,  and  consequently  the  centre  of  pressure  at  that  joint, 
may  also  be  found  simply  by  taking  the  resultant  of  all  the  forces 
which  act  on  one  of  the  parts  into  which  that  joint  divides  the 
structure. 

The  centres  of  pressure  at  the  joints  are  sometimes  called  centres 
of  resistance,  A  line  traversing  aJl  those  centres  of  resistance,  such 
as  the  dotted  line  R  By  in  ^g.  122,  has  received  from  Mr.  Moseley 
the  name  of  the  "line  of  resistance;*'  and  that  author  has  also 
shown  how  in  many  cases  the  equation  which  expresses  the  form  of 
that  line  may  be  determined,  and  applied  to  the  solution  of  useful 
problems. 
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The  fltraight  lines  repreBenting  the  resultant  preasures  may  be  all 
parallel,  or  may  all  lie  in  the  same  straight  line,  or  may  all  int^- 
sect  in  one  point  The  more  common  case,  however,  is  that  in 
which  those  straight  lines  intersect  each  other  in  a  series  of  points, 
so  as  to  form  a  polygon.  A.  curve,  such  as  P  P,  in  fig.  95,  touch- 
ing all  the  sides  of  that  polygon,  is  called  by  Mr.  Moseley  the 
"  line  qfpresswresy 

The  properties  which  the  line  of  resistance  and  line  of  pressures 
must  have,  in  order  that  the  conditions  ef  stability  may  be  fulfilled, 
are  the  following : — 

To  inswre  stability  of  position,  the  line  of  resistance  muei  not 
dmoUe  from  the  centre  offigwre  of  any  joint  by  more  than  a  eertain 
fraction  of  the  diameter  of  the  joint,  measwred  tn  the  diredtion  of 
deviation. 

To  insure  stability  of  friction,  the  normal  to  each  joint  must  not 
make  an  angle  greater  than  the  angle  of  repose  with  a  tangent  to  the 
line  of  pressures  drawn  ihrovgh  the  centre  of  resistance  of  that 
joint 

The  moment  of  stability  of  a  body  or  structure  supported  at  a 
given  plane  joint  is  the  moment  of  the  couple  of  forces  which  must 
be  applied  in  a  given  vertical  plane  to  that  body  or  structure  in 
addition  to  its  own  weight,  in  order  to  transfer  the  centre  of 
resistance  of  the  joint  to  the  limiting  position  consistent  with 
stability,  and  is  equal  to  the  product  of  the  weight  of  the  body  or 
structure  by  the  horizontal  distance  of  a  vertical  line  traversing  its 
centre  of  gravity  from  the  limiting  position  of  the  centre  of 
resistance  of  the  base  or  supporting  joint  The  applied  couple 
usually  consists  of  the  thrust  of  a  frame,  or  an  arch,  or  the  pressure 
of  a  fluid,  or  of  a  mass  of  earth,  against  the  structure,  together  with 
the  equal,  opposite,  and  parallel,  but  not  directly  opposed,  resistance 
of  the  joint  to  that  lateral  force. 

141.  TvuiaiiMniMCl^B  •fBlMskwrnrk  ttnicMuw.  (id.  if.,  206,  209.) 
— K  a  structure  composed  of  blocks  have  stability  of  position  when 
acted  on  by  forces  represented  by  a  given  system  of  lines,  then  will 
a  structure  whose  figure  is  a  parallel  projection  of  the  original 
structure  have  stability  of  position  when  acted  on  by  forces  repre- 
sented by  the  corresponding  parallel  projection  of  the  original 
system  of  lines;  also,  the  centres  of  pressure  in  the  new  structure 
will  be  the  corresponding  projections  of  the  centres  of  pressure  in 
the  original  structure. 

The  question,  whether  the  new  structure  obtained  by  trans- 
formation will  possess  stability  of  friction  is  an  independent 
problem. 

The  application  of  the  principles  of  the  stability  of  blockwork 
structures  will  be  illustrated  under  the  head  of  Masonry. 
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SwrnoH  Y.^-/)/the  Strength,  of  Matmals  in  General. 


J42.-iina«.  8iN«,  ■tx.fftfc*  ^wr--*^f«  i-^i*.  (^.  if.,  244.)— 
The  present  section  contains  a  summary  of  the  principles  of  the 
strength  of  materials  bo  far  as  th^y  relate  to  questionfl  which  arise 
in  designing  structures.  The  nxle**  are  given  without  demon- 
stration, in  as  small  compass  as  possible,  in  order  to  sare  the 
necessity  of  referring,  in  ordinary^  cases,  to  more  bulky  treatises; 
and  are  almost  all  abstracted  and  al>T±dged  from  the  treatise  aht«dy 
referred  to  on  Appli^  MeehmtM,  i'*^  ^^^  ChB^^r  III. 

The  load,  or  combination  of  ox^>«f">^  forceB,  which  is  applied  to 

any  piece-in  a  structure  producjes    stratn,  or  alteration  of  the 

volumes  and  figures  of  the  whole  piece,  and  of  each  of  its  particles, 

which  is  a45Companied  by  egress  amongst  the  particles  of  the  piece, 

being  the  combination  of  forces  -wrliioli  they  exert  in  resistmg  the 

tendency  of  the  load  to  disfigure  »nd.   Ij^eak  the  piece.     If  the  load 

»  continually  increased,  it  at  len^li  produces  either  fracture,  or  (if 

the  material  is  very  tough  and  duetile)  such  a  disfigurement  of  the 

piece  as  is  practically  equivalent  to  firact«re,  by  rendering  it  useless. 

The  miteeto  flti««|ih  w  mwwmmMmm  ^'•^  ^^  »  ^^J  ^  *^©  ^^^ 

required  to  produce  fracture  in    some  specified  way.     The  PM«r 

9^ph  •,  P.^  i^«  is  the  load  required  to  produce  the  gmitost 

strain  of  a  specific  kind  consistent  ^^^^.  ?^«*y;  tl^t  is,  with  the 

retention  of  ^strength  of  the    material  unimpaired.     A  load 

exceeding  the  piDof  strength  of   the   body,  although  it  may  not 

produce  instant  fracture,  produces    fracture  ^eventuaUy  by  long- 

continued  application  and  frequent  repetition.  ,    ,      ,^ 

The  w^iiii.  1^4  on  eacrpiece  of  »  structure  is  made  less  than 
the  proof  strength  in  a  certain  »tio  determined  by  practical  ex- 
perience,  in  ord^r  to  provide  for  unforeseen  contingencies. 

«  A  aeriM  of  M»»4ment«  An  f h-  ^m^t  of  tbe  frequent  application  and  KOioval  of 

A  seruB  or  axpertmente  on  the  effect  <»   ■*•  ^^^  AppUcation  of  Iron  to  Raaway 

•  load,  were  made  by  the  Coromiasionera  <wa   5V«^!1;._1  wiuway 

^''J^'*;%«'T^'^''°^^^^^':^iiS^ve  transverse  blows,  each  blow 
rJ^  "^  1SL^?K  u;  "^^  i^  Jw-^^ection  immedUtdy  befow  break- 
P^goae-rtirrfoftheuldma^  their  .tiength  impai«d ;  bat 

^  ^f^'^yi  ^^  ^^""^  '''^^W  of  the  ultimate  deaeJtioD,  ^very 
when  the  force  of  each  blow  prodaced  ane-f^'^v  "^         ^ 

^^  ^1  T^^^JlH  ^^^^'^  ^^""^l^^^i^^  deaections  by  means  of  a  cam,  of 
«I5!i'!?\i'  1*^   7^"*^**^*^^^^^   100,000   such   deflections  without 

h^  thl^ltfll^^  *^^l  ^^ch  deflection  was  one-hal/  of  the 
hamg  their  strength  impaired;  but   when  ^     ^qq  deflectiona.   ' 

In  wrragfat  iron  ban,  no  perceptible  «^\.Hection  being  due  to  half  the  weight. 
iS^^^.nn11!S  ^H.T^^'^K"^'  ^^e^f^^manent  deflection.**  ^  ^ 

''^j;^ttS^S  ruSr^  ofXtory  action  and  long-continued 
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Each  solid  has  as  manj  different  kinds  of  strength  as  there  are 
different  ways  in  which  it  can  be  strained  or  broken,  as  shown  in 
the  following  classification : — 

Application  of  Load.  Strain.  Fractnn. 

Lo     't  dinid  f  Extension Tearing. 

Liongitaainai ^  Compression Crushing. 

j' Distortion Shearing. 

Transverse <  Twisting Wrenclung. 

(  Bending Breaking  across, 

143.  VacMn  mf  nmibn  {A.  M,^  247)  are  of  three  kinds,  viz. : — 
the  ratio  in  which  the  breaking  toad  exceeds  the  proof  load, 
the  ratio  in  which  the  breaking  load  exceeds  the  working  loetd, 
and  the  ratio  in  which  the  proof  load  exceeds  the  toorking  load. 

When  not  otherwise  specified,  a  fi&ctor  of  safety  is,  in  general,  to 
be  understood  in  the  second  of  those  senses — viz.,  the  ratio  in 
which  the  breaking  load  exceeds  the  working  load. 

The  following  table  gives  examples  of  the  values  of  those  factors 
which  occur  in  actual  structures : — 


Ult.  Strength. 
Proof  Strength. 

Ult.  Strength. 

•T- 

Workmg  Losd. 

PnwfStroigth. 
Woridng  Load. 

Strongest  steel, 

2 

8 
2to8 

8 

8 
aboat2 

a 

4to6 

6 

8to4 

6  to  8 

10 

4tol0,ay.abt8 

2 

about  li 
2to2f 

H 

ay.  aboat  4 

Ordinaiy  steel  and  wr.iron,  steady  load, 
„                   M         moving  load. 

Wrought  iron  riyettod  stmotuns, 

Cast  iron,  steady  load, 

11       movioir  load.... ...tt. ........ 

Timbtr.  awnun. 

Bifim  and  brick, .,.. 

Almost  all  the  experiments  hitherto  made  on  the  strength  of 
materials  give  the  ultimate  strength  only.     In  using  those  data  for 

changes  of  load  on  wrought  iron  girders,  by  Mr.  Fairbaim,  has  for  some  time  been  in 
progress.  Those  experiments  (so  £sr  as  th^  had  then  been  osnied)  wen  oommn- 
nicated  to  the  British  Association  at  Oxford,  hi  June,  1860;  and  the  fbUowmg  is  a 
snmmaiy  of  the  results: — 

The  beam  experimented  on  was  a  riyetted  wrought  iron  plate  girder. 

When  the  load  applied  was  about  OM-fomik  of  the  breaking  weight,  the  beam 
withstood  696,790  successive  applications  of  it,  without  visible  alteration. 

The  load  was  then  incressed  to  two-sevenths  of  the  breaking  weight,  and  ^iplied 
408,210  times,  when  the  beam  showed  a  slight  increase  of  permanent  set 

The  load  was  ftirther  increased  to  ftoo;/!^  of  the  bretking  weight,  when  the  beam 
broke  with  the  6,175th  application. 

The  successive  appUcations  of  the  load  were  accompanied  with  oansidersble  strsiDS 
from  vibratioa  and  impact. 
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the  designing  of  strachires,  the  most  oonvenient  proceaa  of  oalco- 
latdon  ifl  to  multiplj  the  intended  working  load  of  a  piece  bj  the 
proper  &ctor,  so  as  to  find  the  breaking  load,  and  to  make  the 
ultimate  strength  of  the  piece  equal  to  that  breaking  load. 

144.  The  iFr—f  or  TmUbs  b7  experiment  of  the  strength  of  a 
piece  of  material  is  to  be  conducted  in  two  different  ways,  accord- 
ing to  the  object  in  view. 

.  I.  If  the  piece  is  to  be  afiemxirdB  used,  the  testing  load  must  be 
80  limited  that  there  shall  be  no  possibility  of  its  impairing  the 
strength  of  the  piece ;  that  is,  it  must  not  exceed  the  proof  strength, 
being  from  one-third  to  one-half  of  the  ultimate  strength.  AU>ut 
double  of  the  working  load  is  in  general  sufficient  Care  should 
be  taken  to  avoid  vibrations  and  shocks  when  the  testing  load  ap- 
proaches near  to  the  proof  strength.  . 

n.  If  the  piece  is  to  be  sacrificed  for  the  sake  of  ascertaining  the 
strraigth  of  the  material,  the  load  is  to  be  increased  bv  degrees 
untU  the  piece  breaks,  care  being  taken,  especially  when  the  broak- 
ing  point  is  approached,  to  increase  the  load  by  small  quantities  at 
a  time,  so  as  to  get  a  sufficiently  precise  result 

The  proof  strength  requires  much  more  time  and  trouble  for  its 
determination  than  the  ultimate  strength.  One  mode  of  approxi- 
mating to  the  proof  strength  of  a  piece  is  to  apply  a  moderate  load 
and  remove  it,  apply  the  same  load  again  and  remove  it,  two  or 
three  times  in  succession,  observing  at  each  time  of  application  of 
the  load,  the  strain  or  alteration  of  figure  of  the  piece  when  loaded, 
by  stretching,  compression,  bending,  distortion,  or  twisting,  as  the 
case  may  be.  If  that  alteration  does  not  sensibly  increase  by  re- 
peated applications  of  the  same  load,  the  load  is  within  the  limit 
of  proof  strength.  The  effects  of  a  greater  and  a  greater  load  being 
successively  tested  in  the  same  way,  a  load  will  at  length  be 
reached  whose  successive  applications  produce  increasing  disfigure- 
ments of  the  piece;  and  Ihis  load  will  be  greater  than  the  proof 
strength,  which  will  lie  between  the  last  load  and  the  last  load  but 
one  in  the  series  of  experiments. 

It  was  formerly  supposed  that  the  production  of  a  sei,  that  is,  a 
disfigurement  which  continues  after  the  removal  of  the  load,  was  a 
test  of  the  proof  strength  being  exceeded;  but  Mr.  Hodgkinson  ' 
showed  that  supposition  to  be  erroneous,  by  proving  that  in  most 
materials  a  set  is  produced  by  almost  any  load,  how  small  soever. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
axles  to  resist  twisting,  can  be  tested  by  the  application  of  known 
wc^hts  either  directly  or  through  a  lever. 

1^  test  the  tenacity  of  rods,  chains,  and  ropes,  and  the  resist- 
ance of  pillars  to  crushing,  more  poweiful  and  complex  mechanism 
is  requued     The  apparatus  most  commonly  employed  is  the 
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hydraulic  press.  In  computing  the  stress  which  it  produces,  no 
reliance  ought  to  be  placed  on  the  load  on  the  safety  valve,  or  on 
a  weight  hung  to  the  pump  handle,  as  indicating  the  intensity  of 
the  pressure,  which  should  be  ascertained  by  means  of  Bourdon's 
gauge.  This  remark  applies  also  to  the  proving  of  boilers  hy 
water  pressure. 

From  experiments  made  by  Messrs.  More  of  Gla^w,  and  by 
the  Author,  it  appears,  that  in  experiments  on  the  tension  and 
compression  of  bars,  about  one-tenth  should  be  deducted  from  the 
pressure  in  the  hydraulic  press  for  the  friction  of  the  press 
plunger. 

The  measurement  of  tension  and  compression  by  means  of  the 
hydraulic  press  is  but  a  rough  approximation  at  the  best  It  may 
be  sufficient  for  an  immediate  practical  purpose;  but  for  the  exact 
determination  of  general  laws,  although  the  load  may  be  applied 
at  one  end  of  the  piece  to  be  tested  by  means  of  a  hydraulic  press, 
it  ought  to  be  resisted  and  measured  at  the  other  end  by  means  of 
a  combination  of  levers,  such  as  that  used  at  Woolwich  Dockyard, 
and  described  by  Mr.  Barlow  in  his  work  On  the  Streng^  af 
Afaterials. 

145.  Co-eflicicMa  Mf  mwhII  mf  Sttreagtk  are  quantities  expressing 
the  intensity  of  the  stress  under  which  a  piece  of  a  given  material 
gives  way  when  strained  in  a  given  manner;  such  intensity  being 
expressed  in  units  of  weight  for  each  unit  of  sectional  area  of  tiie 
layer  of  particles  at  which  the  body  first  begins  to  yield.  In 
Britain,  the  ordinary  unit  of  intensity  employed  in  expressing  the 
strength  of  materials  is  the  pound  avoirdupois  on  the  e^jua/re  iTi/ch. 
As  to  other  units,  see  Article  106,  p.  161. 

Co-efficients  of  strength  are  of  as  many  di£erent  kinds  as  there 
are  different  ways  of  breaking  a  body.  Their  use  will  be  explained 
in  the  sequel  Tables  of  their  values  are  given  at  the  end  of 
the  volume. 

Co-efficients  of  strength,  when  of  the  same  kind,  may  still  vary 
according  to  the  direction  in  which  the  stress  is  applied  to  the 
body.  Thus  the  tenacity,  or  resistance  to  tearing,  of  most  kinds  of 
wood,  is  much  greater  against  tension  exerted  along  than  across 
the  grain. 

146.  StUhieM  Mf  RigMltr,  FIMUUtf,  Oielr  IMIWbU  w  €*-«fllci«iia. 
— ^Rigidity  or  sti£fhess  is  the  property  which  a  solid  body  possess^, 
of  resisting  forces  tending  to  change  its  figure.  It  may  be  expressed 
as  a  quantity,  called  a  rnodulus  or  co-^jfficient  ofstiffnese,  by  taking 
the  ratio  of  the  intensity  of  a  given  stress  of  a  given  kind,  to  the 
strain,  or  alteration  of  figure,  with  which  that  stress  is  accom- 
panied : — that  strain  being  expressed  as  a  quantity  by  dividing  the 
alteration  of  some  dimension  of  the  body  by  the  original  length  of 
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that  dimenmon.  In  most  substBiiGeB  which  are  used  in  oonstmction, 
the  moduli  of  sdffiietti,  though  not  exactly  constant,  are  nearly 
constant  for  stresses  not  exceeding  the  proof  strength. 

The  redprucal  of  a  modulus  of  stiffiiess  may  be  called  a  "  modulus 
ofpliabUify;"  that  is  to  say. 

Modulus  of  Stiffiie»  =  I°*«°^y8fa«». 

Strain  ' 

Modulus  of  PliabiHly=  ^*^^ 


Intensity  of  Stress' 


The  use  of  specific  moduli  of  stiffness  will  be  explained  in  the 
sequel.      Tables  of  their  values  are  given  at  the  end  of  the 

147.  The  UMtidtr  •r*  s*ii4  (A.  M.,  236  to  238,  243,  248  to 
263)  consists  of  stiffiiess,  or  resistance  to  change  of  figure,  combined 
with  the  power  of  recovering  the  origintd  figure  when  the  straining 
force  is  withdrawn.  J£  that  recovery  is  perfect  and  exact,  the 
body  is  said  to  be  ''  perfectly  dasHc/^  if  there  is  a  "  Ml,*'  or 
p^manent  change  of  figure,  after  the  removal  of  the  straining 
force,  the  body  is  said  to  be  "  imperfectly  elastia"  The  elasticity  of 
no  solid  substance  is  absolutely  perfect,  but  that  of  many  substances 
is  nearly  perfect  when  the  stress  does  not  exceed  the  proof  strength, 
and  may  be  made  sensibly  perfect  by  restricting  the  stress  wi&in 
small  enou^  limits. 

Moduli  or  Co-efficients  of  ElagHcity  are  the  values  of  moduli  of 
stiffiiess  when  the  stress  is  so  limited  that  the  value  of  each  of  those 
moduli  is  sensibly  constant,  and  the  elasticity  of  the  body  sensibly 
perfect.  It  can  be  shown  that  in  a  homogeneous  solid,  there  may 
be  tioenty-one  independent  co-efficients  of  elasticity,*  which,  in  a 
solid  that  is  equally  elastic  in  all  directions,  are  reduced  to  two— 
viz.,  the  co-efficient  of  direct  elasticity,  or  resistance  to  direct 
lengthening  and  shortening,  and  the  co-efficient  of  resistance  to 
distortion. 

The  General  Problem  of  (he  Internal  Eguilibrium  of  an  Elastic 
Solid  is  this : — Given  the  free  form  of  a  solid,  the  values  of  its  co- 
efficients of  elasticity,  the  attractions  acting  on  its  particles,  and 
the  stresses  applied  to  its  surface;  to  find  its  change  of  form,  and 
the  istrains  of  all  its  particleB.t  This  problem  is  to  be  solved,  in 
general,  by  the  aid  of  an  ideal  division  of  the  solid  into  molecules, 
rectangular  in  their  free  state,  and  referred  to  rectangular  co- 
ordinatea    Borne  particular  cases  are  most  readily  solved  by  means 

•  See  FML  Tnmt.,  1866-7. 

t  See  Lem^  Le^  nor  la  ThSorii  MmthOMtique  da  VEUuHciti  ^^  CoT*  ^"'^'^^ 
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of  spherical,  cylindrical,  or  otherwise  curved  co-ordinates.  Tlie 
general  problem  is  of  extreme  complexity,  and  its  complete 
solution  has  not  yet  been  obtained  in  a  practically  available  form ; 
but  the  cases  which  occur  in  practice,  and  to  which  the  remainder 
of  this  section  relates,  can  be  solved  with  sufficient  accuracy  by 
comparatively  simple  approximate  methods.  Most  of  those  ap- 
proximate methods  are  analogous  to  the  "  method  of  sections " 
described  in  its  application  to  framework  in  Article  122,  p.  184. 
The  body  under  consideration  is  conceived  to  be  divided  into  two 
parts  by  an  ideal  plane  of  section;  the  external  forces  and  couples 
acting  on  one  of  those  two  parts  are  computed;  and  they  must  be 
equal  and  opposite  to  the  forces  and  couples  resulting  from  the 
entire  stress  at  the  ideal  sectional  plane,  which  is  so  found.  Then 
as  to  the  dietrHmtion  of  that  stress,  direct  and  shearing,  some  law 
is  assumed,  which,  if  not  exactly  true,  is  known  either  by  experi- 
ment or  by  theory,  or  by  both  combined,  to  be  a  sufficiently  dose 
approximation  to  the  truth. 

Except  in  a  few  comparatively  simple  cases,  the  strict  method  of 
investigation,  by  means  of  the  equations  of  internal  equilibrium, 
has  hitherto  been  used  only  as  a  means  of  determining  whether  the 
ordinary  approximative  methods  are  sufficiently  close. 

148.  BMiiience,  or  Spria«  {A,  if.,  244),  is  the  quantity  of  me- 
chanical work  required  to  produce  the  proof-stress  on  a  given  piece 
of  material,  and  is  equal  to  the  product  of  the  proof  strain,  or 
alteration  of  figure,  into  the  mean  load  which  acts  during  the  pro- 
duction of  that  strain;  that  is  to  say,  in  general,  very  nearly  one- 
half  of  the  proof  load. 

149.  BMislanec  •f  Bpn  tm  Stretchlag  mmd.  TMWIag«     {A.  M,,  265 

to  269.) — The  ultimate  strength  or  breaking  load  of  a  bar  exposed 
to  direct  and  uniform  tension  is  the  product  of  the  area  of  cross-  , 
section  of  the  bar  into  the  tenacity  of  the  material.     Therefore 
let 

P  denote  the  breaking  load,  iji  pounds; 

S  the  area  of  section,  in  square  inches; 

/the  tenacity,  in  pounds  on  the  square  inch;  then 

P=/S;S-^ (1.) 

The  elongation  of  the  bar  under  any  load  F  not  exceeding  the 
proof  load  is  found  as  follows : — 

Let  X  denote  the  original  length  of  the  bar^  A  x  the  elongation^ 
and 

A  Of 
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the  proporHon  which  that  elongation  hears  to  the  original  length  of 
the  har^  being  the  numerical  measure  of  the  strain. 

Let  p  =  F  -r  S  denote  the  intemdtj  of  the  stress^  and  E,  the 
modtthts  of  direct  dctatidty^  or  resistance  to  stretching.     Then 

■-  =  1 (2.) 

Lety  denote  ihe  proof  iension  of  the  material,  so  that/*  S  is  the 
proof  load  of  the  bar;  then  the  proof  strain,  or  proportionate 
elongation  under  the  proof  load,  is  j^  -r  fi. 

The  Bcaiiiflaee  or  flpriac  of  the  bar,  or  the  work  performed  iu 
stretching  it  to  the  limit  of  proof  strain,  is  computed  as  follows : — 
X  being  ^e  length,  as  before,  the  elongation  of  the  bar  under  the 
proof  load  iaf  x-r-'K  The  force  whid^  acts  through  this  space  has 
for  its  least  value  0,  for  its  greatest  value  P  =/'  S,  and  for  its  mean 
value  y  S  -T-  2  j  so  that  the  work  performed  in  stretching  the  bar  to 
the  proof  strain  is 

r&f^^tsx       . 

2  •  E  ■"  E*  2    ^  ^^ 

The  oo-efficient  /*  -r-  E,  by  which  one-half  of  the  volume  of  the  bar 
ia  multiplied  in  the  above  formula,  is  called  the  Modulus  of 
Rbsiuenge. 

A  sudden  puU  of  /'  S  -r  2,  or  OTi^haif  of  the  proof  load,  being 
applied  to  the  bar,  will  produce  the  entire  proof  strain  of /'-f-E, 
which  is  produced  by  the  gradual  application  of  the  proof  load 
itself;  for  the  work  performed  by  the  action  of  the  constant  force 
/'  S  -f-  2,  through  a  given  space,  is  the  same  with  the  work  per- 
formed by  the  action,  through  the  same  space,  of  a  force  increasing 
at  an  uniform  rate  from  0  up  to  jT  S.  Hence  a  bar,  to  resist  with 
safety  the  sudden  application  of  a  given  pidl,  requires  to  have  twice 
the  strength  that  is  necessary  to  resist  the  gradual  application  and 
steady  action  of  the  same  puIL 

Tables  of  the  tenacity  and  of  the  modulus  of  direct  elasticity  of 
various  substances  are  given  at  the  end  of  the  volume. 

150.  CyliMdHcal  liwilen  aad  Pipe*.  {A.  M.,  271.) — Let  r  denote 
the  radius  of  a  thin  hollow  cylinder,  such  as  the  shell  of  a  high 
pressure  boiler; 

I  the  thickness  of  the  shell; 

/the  tenacity  of  the  material,  in  pounds  per  square  inch ; 

p  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re- 
quired to  burst  iJbe  shell.  Tliis  ought  to  be  taken  at  six  times  the 
effective  working  pressure— -^f^t^  presswre^  meaning  the  excess  of 
the  pressure  from  within  above  the  pressure  from  without,  which 
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last  is  usually  the  atmospheric  pressure^  of  14*7  lbs.  on  the  square 
inch  or  thereabouts. 
Then 

P=4^; (1.) 

and  the  proper  proportion  of  thickness  to  radins  is  given  by  the 
formula^ — 

H w 

151.  Spherical  VkOimt  Buch  as  the  ends  of '^  egg-ended**  cylindrical 
boilers,  the  tops  of  steam  domes,  &c,  are  twice  as  8tr<mg  as  cylindrical 
shells  of  the  same  radius  and  thickness. 

Suppose  a  shell  of  the  figure  of  a  segment  of  a  sphere  to  have  a 
circular  flange  round  its  base,  through  which  it  is  bolted  to  a  flange 
upon  a  cylindrical  shell,  or  upon  another  spherical  shell. 

Let  r  denote  the  radius  of  the  sphere,  in  inches; 

/,  the  radius  of  the  circular  base  of  the  segmental  shell,  in 
inches; 

Pf  the  bursting  pressure,  in  lb&  on  the  square  inch; 
then  the  numb^  and  dimensions  of  the  bolts  by  which  the  flange 
is  held  should  be  such,  that  the  load  required  to  tear  them  asunder 
all  at  once  shall  be 

31416  f^p; (L) 

and  the  flange  itself  should  require,  in  order  to  crush  it^  the  follow- 
ing thrust  in  the  direction  of  a  tangent  to  it : — 

"  >:r  ^V  \p  ¥  •  J^-f^, (2.) 

If  the  segment  is  a  complete  hemisphei'e,  9^  =  9*^  and  the  last 
expression  becomes  =  0. 

152.  Thick  H«u«w€7iiBdcr.  ^il.  If.,  273.)— The  assumption  that 
the  tension  m  a  hollow  cylinder  is  uniformly 
distributed  throughout  the  thickness  of  the  shell 
is  approximately  true  only  when  the  thickness 
is  small  as  compared  with  the  radius. 

Let  It  represent  the  external  and  r  the  in- 
ternal radius  of  a  thick  hollow  cylinder,  such  as 
a  hydraulic  press,  the  tenacity  of  whose  material 
is  /,  and  whose  bursting  pressure  is  p.    Then  we 
Fig.  124.  must  have 
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R«  — f«       y 


and,  ooDsequently, 


by  means  of  which  formula,  when  Vyf,  and  p,  are  given,  B  may  be 
computed 

153.  TftJck  ]E«ii*w  8»lMM.  {A.M.,  275.V— In  this  case,  using  the 
same  symbols  as  in  the  last  Article,  the  foUowing  formuke  give  the 
ratios  of  the  bursting  pressure  to  the  tenacity,  and  of  the  external 
to  the  internal  radius: — 

p      2R«— 2r» 


/""    R»  +  2r»' 


154.  liMwia  dliMHtr,  CaMc  c— Tw— ftiUty. — When  the  side 
surfaces  of  a  bar  are  free,  the  application  of  tension  to  its  ends 
caoses  it  to  contract  in  thickness  as  well  as  to  extend  in  length ; 
and  the  application  of  pressure  to  its  ends  causes  it  to  expand  in 
thicTmesa  as  well  as  to  contract  in  length.  This  property,  which 
may  be  called  '^  Lateral  Pliability,"  exists  to  the  greatest  possible 
extent  in  perfect  fluids,  whose  parts  yield  laterally  to  the  slightest 
longitudinal  stress,  and  is  least  in  those  solids  which  are  least 
oapaUle  of  changes  of  figure. 

If  a  solid  bar  has  the  alteration  of  its  transverse  dimensions  pre- 
vented or  resisted  by  any  means,  it  yields  less  longitudinally  to  a 
longitudinal  stress  than  it  does  when  it  is  free  to  yield  laterally;  in 
other  words,  its  direct  or  longitudinal  stifiness  may  'be  increased ; 
and  that  according  to  laws  whose  mathematical  expression  will 
presently  be  given.  Its  strength  is  increased  idso;  but  in  what  pro- 
portion is  not  yet  known  precisely. 

Let  p  denote  the  intensity  of  a  longitudinal  stress,  not  exceeding 
the  limit  below  which  moduli  of  stiffiiess  are  constant;  and  when 
the  bar  is  free  to  alter  its  latend  dimensions,  let, 

«  ^  ^  denote  the  fraction  of  its  original  length  by  which  its  length 

is  altered,  and 
^  =  ^,  the  fraction  of  its  original  diameter  by  which  its  diameter 

is  altered  in  the  contrary  direction  to  its  length;  then  we  have 
p=rA«-B/3; (1.) 
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A  and  B  being  two  co-efficients  whose  relations  to  E  and  D  are 
expressed  by  Uie  two  following  pairs  of  equations : — 


E  D  (D  -  E)      _  2E» . 

^""D^  —  ED  —  2  £2"""^  D2 —  ED  —  2  £2' 
■p_  B'D  B_       E      ^ 

D2  — ED  — 2E2^A"~D— E' 


(2.) 


E  =  A-^-_^-3;D  =  A-2B+  -3;^=--^     .(3.) 

The  co-efficient  A  represents  the  resistance  of  the  bar  to  direct 
elongation  or  compression  when  /3  =  0 ;  that  is,  when  the  transverse 
dimensions  of  the  bar  are  prevented  fix>m  changing.* 

The  resistance  to  alteration  of  volume  bears  fiie  following  re- 
lations to  the  before-mentioned  oo-effidents.  Let  p  denote  the 
uniform  intensity  of  a  pressure  or  tension  applied  M  over  the 
tur/ace  of  a  body,  and  2  the  fraction  of  the  original  volume  by 
wluch  the  volume  is  diminished  or  increased;  then  the  cubic 
dasticUy  ia 

jc>_A  +  2B_3D  — 6E 

i  ■"        3        "■       DE       ' ^  ^^ 

and  the  reciprocal  of  this  is  the  cubic  compressibility. 

The  values  of  A  and  B  have  been  ascertained  for  a  few  sub- 
stances only.  For  brass  and  ciystal,  according  to  M.  Wertheim's 
experiments  {Armales  de  Chimie,  third  series,  voL  xxiii.),  the 
following  ratios  hold  very  nearly: — 

A-T.B  =  2;  D-r.E  =  3;  A-^E=:|;  B-rE  =  |;...(5.) 
and  consequently,  for  those  substances, 

T=3^  =  ^ (6-) 

155.  HalglilB  •r  ]II«dl«ll  •f  aUflMM  aad  fltteagth.  — The  term 
"  Height,''  as  applied  to  a  given  modulus,  whether  of  stiffiiess  or 

*  A  18  the  oo-effident  of  elasddtj  dednced  ftom  'experiments  on  the  velodty  of 
sound  in  a  solid  body  of  lai^ge  transverse  dimensions,  bv  means  of  the  following 
formula,  in  which  v  is  the  ydocity  of  sound  in  feet  per  second,  and  10  the  weight  of 
a  cubic  foot  of  the  body; 

A  in  lbs.  on  the  square  foot  =  -55— s- 
o  J '  2 

When  the  transverse  dimensions  of  the  body  are  narrow,  this  formula  gives  results 
lying  between  the  value  of  A  and  that  of  £. 
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of  streng«i,meaBB  t^«  ^eiglit  of  an  imaginaiy  column  of  the  sub- 
stance  to  ^1^c\i  ^e  modoliis  \>eloiig8,  whose  weight  would  cause  a 
pressure  on  its  Ywae,  equal  in  intensity  to  the  stress  expressed  by 
the  given  moduVua.    Hence, 

Height  of  a  modulus  in  feet 

Modulus  in  Iba.  on  the  square  foot 

~  Heavineesof  substance  in  lbs.  to  the  cubic  foot 

Modulus  in  lbs.  on  the  square  inch     ^ 
~  Weight  of  12  cubic  inches  of  substance^ 

Height  of  a  modulus  in  inches 

Modulus  in  lbs,  on  the  square  inch 
^  Weight  of  a  cubic  inch  of  substance' 

156.     liMMaace  tm  Sh««rta«  «■«  DlaMrttoB.      {A,    M.,    278   to 

231  \1-In  structures,  many  cases  occur  in  which  the  principal 
pieces,  such  as  plates,  links,  bars,  or  beams,  being  themselves  sub- 
fected  to  a  direct  pull,  are  connected  with  each  other  at  their  joints 
by  fastenings,  such  as  rivets,  bolts,  pins,  keys,  or  screws,  which  are 
tmder  the  action  of  a  shearing  force,  tending  to  make  them  give 
way  by  the  sliding  of  one  part  over  another. 

The  present  Article  refers  to  those  cases  only  in  which  the  shear- 
ing stress  on  a  body  is  uniform  in  direction  and  in  intensity.  The 
^^cts  of  shearing  stress  varying  in  intensity  will  be  considered 
tmder  the  head  of  Resistance  to  Bending,  which  is  in  general 
accompanied  by  such  a  stress;  and  the  effects  of  shearing  stress 
varying  in  direction  as  well  as  in  intensity  imder  the  head  of 
Resistance  to  Torsion.  ^  ^^    ^         .,  .  ^i.  ^ 

To  insure  uniform  distribution  of  the  stress,  it  is  necessary  that 
the  rivet  or  other  fastening  should  fit  so  tight  in  its  hole  or  socket, 
that  the  friction  at  its  surface  may  be  at  least  of  equal  intensity  to 
the  shearing  stress.  When  this  condition  is  fulfilled,  the  intensity 
of  that  stress  is  represented  simply  by  F  -r-S,  F  being  the  shearing 
force,  and  S  the  area  which  resists  it  ^  ,.    ^ 

In  consequence  of  the  relation  between  shearing  stress  and  direct 
stress,  stated  in  Ai-ticle  108,  Division  IL,  p.  167,  it  appears  that  a 
body  may  give  way  to  a  shearing  stress  either  by  actual  shearing, 
at  a  plane  parallel  to  the  direction  of  the  shearing  force,  or  by  tear- 
ing in  a  direction  makmg  an  angle  of  45°  with  that  force. 

When  a  shearing  stress  does  not  exceed  the  limit  within  which 
moduH  of  stif&iess  are  sensibly  constant,  it  produces  distortion  of  the 
bodv  on  which  it  acts.  Let  q  denote  the  intensity  of  a  ahearmg 
ate^  applied  to  the  four  kteral  fiaces  of  an  ongmaUy  square 
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prisnuktic  particle,  so  aa  to  distort  it;  aad  let »  be  the  didorUonj 
ezpiessed  by  the  tcmgmU  qftha  d^ffiarmoe  httioten  each  of  the  didoried 
angleiofihepnamandariglUangle;  then 

^  =  c, (1.) 

is  the  modtdua  of  trantvene  Autieity,  or  rmHance  to  diiU)rHon. 

One  mode  of  expressing  the  distortion  of  an  originaUy  square 
prism  is  as  follows : — ^Let  m  denote  the  proportionate  elongation  of 
one  of  the  diagonals  of  its  end,  ^8  the  proportionate  shortening  of 
the  other;  then  the  distortion  is 

The  oo-effident  C  is  necessarily  related  to  those  mentioned  in 
Article  154,  pp.  229,  230,  in  the  foUowing  manner: — 

p_A-B ED 

^~       2       ~"2(D  +  E) ^^ 

• 

For  brass  and  crystal,  according  to  M.  Wertheim's  experiments, 
we  have 

^-i-2-"8"-r ^'^•^ 

The  co-efficient  0  expresses  the  quality  of  rigidity,  or  resistanoe 
to  change  of  figure,  which  distingoisbes  solids  from  fluids. 
In  a  perfect  fluid,  the  following  relations  hold : — 

C  =  0;  E  =  Oj  D  =  Oj  ^ 

A  =s  B  =  C  (the  cubic  elasticity),  r  '  '^ 

The  general  efiect  of  heat  on  solid  bodies  is  to  diminish  G  and 
increase  p-^l, 

282  to  286.) — ^Besistance  to  Longiiudmal  Compression,  when  the 
proof  stress  is  not  exceeded,  is  sensibly  equal  to  the  resistanoe  to 
stretching,  and  is  expressed  by  the  same  modulu&  When  that 
limit  is  exceeded,  it  becomes  iiT^^ular. 

Crushing,  or  breaking^y  compression,  is  not  a  simple  phenomenon 
like  tearing,  but  is  more  or  less  complex  and  varied,  according  to 
the  nature  of  the  substance. 

The  present  Article  has  reference  to  direct  crushing  only,  and  is 
limited  to  those  cases  in  which  the  pillars,  blocks^  struts^  or  rods. 
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along  wbich  the  pressure  acts  are  not  so  long  in  proportion  to  their 
diameter  as  to  have  a  sensible  tendency  to  give  way  by  bending 
sideways.    Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocks  of  ordinary  proportions; 

Pillars^  rodsy  and  struts  of  cast  iron,  in  which  the  length  is  not 
more  than  five  times  the  diameter,  approximately; 

PillarSy  rodsy  and  struts  of  wrought  iron,  in  whidi  the  length  is 
not  more  than  ten  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  dry  timber,  in  which  the  length  is  not 
more  than  about  twenty  times  the  diameter. 

Let  P  denote  the  eruthing  load  of  the  piece; 

S  the  area  of  its  transverse  section  in  square  inches; 

/the  reaistanoe  of  the  material  to  crushing,  in  lbs.  on  the  square 
inch;  then  if  the  load  is  un^fomdy  didnbuted, 

P=/S (1.) 

A  table  of  the  resistance  of  materials  to  direct  crushing,  in  lbs. 
on  the  square  inch,  is  given  at  the  end  of  the  volume. 

If  the  load  is  not  uniformly  distributed  over  the  transverse 
sedaon  of  the  pillar,  the  strength  of  the  pillar  is  diminished  in  the 
same  ratio  in  which  the  mean  intensity  of  the  stress  is  less  than 
the  maximum  intensity.  To  find  that  ratio,  it  is  sufficiently  near 
the  truth  for  practical  purposes  to  consider  the  stress  as  "  uniforndy 
wrying,^  (See  Article  106,  Division  II.,  p.  163,  equations  5,  6,  7.) 
Suppose  the  pillar  to  be  cylindrical,  square,  or  of  a  regular  poly- 
gonal figure  in  cross-section.  Let  x^  be  the  greatest  deviation  of 
the  centre  of  pressure  from  the  centre  of  figure  in  any  cross- 
section;  that  is,  the  greatest  deviation  of  the  line  of  action  of 
the  load  from  the  axis  ^  the  pillar. 

Let  Xj  be  the  distance  of  the  point  of  greatest  stress  from  the 
axis  of  the  pillar;  that  is,  the  semidiameter  of  the  pillar  in  the 
^izection  in  which  the  load  deviates  from  the  axis. 

Let  I=s  I  ai^ydx  denote  what  is  called  the  '^  moment  of  inertia" 

of  the  cross-section  of  the  pillar. 
Then  the  crushing  load  is, 


P= '^-^^—Q (2.) 

2  4-  ^0  «^i  Q 


«,  S 
The  following  are  some  of  the  values  of  -t—  in  the  preceding 

formula:  the  '^neutral  aads*^  meaning  the  diameter  to  whidi  the 
deviation  x^  is  perpendicular. 
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FiGUBE  OP  Cross-Section. 


x^B 


I 
6 
A' 


I.  Rectangle,  hb;  &,. neutral  axis,) 

11.  Square,  A«, \  ' 

III.  Ellipse:  neutral  axis,  b;  other  axis,  A;)      8 

rV".  Circle:  diameter.  A, )     A* 

V.  HoUowrectangle :  outside  dimensions,  h,b;\ 
inside  dimensions,  A',  6';  neutral  axis,  b, 


6A 

h^  +  l'i^ 
8  A 


YI.  Hollow  square,  A'2  —  A'2, 

VIL  Circular  ring:  diameter,  outside.  A;  inside,  A',     ,^       .^^ 

It  is  often  advisable,  especially  in  masonry,  so  to  limit  the 
deviation  of  the  centre  of  pressure  from  the  axis  of  the  pillar,  that 
there  shall  be  no  tension  on  any  part  of  it.  This  condition  is 
fulfilled  when  the  least  pressura  is  positive,  or  nothing,  and  the 
greatest  stress  not  more  than  double  of  the  mean  stress,  so  that 
■P  -^/  S  -r  2;  and  consequently,  when 


I 


.(3,) 


the  reciprocal  of  the  quantity  of  whose  values  examples  have 
just  been  gTven. 

The  modulus  of  resistance  to  direct  crushing,  as  the  tables  show, 
often  differs  considerably  from  the  tenacity.  The  nature  and 
amount  of  those  differences  depend  mainly  on  the  modes  in  which 
the  crushing  takes  place.     These  may  be  classed  as  follows : — , 

I.  Crushing  by  splitting  (fig.  121),  into  a  number  of  nearly 
prismatic  fragments,  separated  by  smooth  surfaces  whose  general 
direction  is  nearly  parallel  to  the  direction  of  the  load,  is  character- 
istic of  hard  homogeneous  substances  of  a  glassy  textui'e,  such  as 
vitrified  bricks. 


Fig.  125. 


WW" 

Fig.  126. 


Big.  128. 


II.  Crushing  by  shearing  or  sliding  of  portions  of  the  block  along 
oblique  surfaces  of  separation  is  characteristic  of  substances  of  a 
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^ular  texture,  like  cast  iroxi,  and  most  kinds  of  stone  and  brick. 

Qometmes  the  sliding  takes    place  at  a  single  plane  sur&ce,  like 

A.B  in  ^.  126 ;  sometimeB  -t^woT  cones  or  pyramids  are  formed,  like 

c,c,ia  fig.  127,  which  are   forced  towards  each  other,  and  split  or 

^ve  ontwards  a  number  a£  -wedges  snirounding  them,  like  to,  ic?,  in 

4e  B&me  figure.    Sometimes  the  block  splits  into  four  wedges,  as 

m%128. 

The  surfeMses  of  shearing  make  an  angle  with  the  direction  of  the 
crushing  force,  which  Mr.  BEodgkinson  (who  first  fully  investigated 
those  phenomena)  found  to  liave  values  depending  on  the  kind  and 
qiia%  of  material.  For  different  qualities  of  cast  iron,  for  example, 
^t  angle  ranges  from  42^  to  32^.  The  greatest  intensity  of  shear- 
ing stress  is  on  a  plane  making  an  angle  of  id''  with  the  direction  of 
the  crushing  force;  and  tHe  deviation  of  the  plane  of  shearing  from 
that  angle  shows  that  the  resistance  to  shearing  is  not  purely  a 
oobedve  force,  independeiit  of  the  normal  pressure  at  the  plane  of 
shearing,  but  oonasts  partly  of  a  force  analogous  to  friction, 
increasing  with  the  intensity  of  the  normal  pressure. 

Mr.  Hodgkinson  considers  that  in  order  to  determine  the  true 
resistance  of  substances  to  direct  crushing,  experiments  should  be 
made  on  blocks  in  which  the  proportion  of  length  to  diameter  is  not 
less  than  that  of  3  to  2,  in  order  that  the  material  may  be  free  to 
divide  itself  by  shearing.  When  a  block  which  is  shorter  in  pro- 
portion to  its  diameter  is  crushed,  the  friction  of  the  flat  sur&ces 
between  which  it  is  crushed  has  a  perceptible  effect  in  holding 
its  parts  together,  so  as  to  resist  their  separation  by  shearing;  and 
thus  the  apparent  strength  of  the  substance  is  increased  beyond  its 
real  strength. 

In  all  substances  which  are  crushed  by  splitting  and  by  shearing, 
the  resistance  to  crushing  considerably  exceeds  the  tenacity,  as  the 
tables  show.  The  resistance  of  cast  iron  to  crushing,  for  example, 
was  found  by  Mr.  Hodgkinson  to  be  somewhat  more  than  six  times 
its  tenacity. 

III.  Crushing  hy  bulging^  or  lateral  swelling  and  spreading  of 
the  block  which  is  crushed,  is  characteristic  of  ductile  and  tough 
materials,  such  as  wrought  iron.  Owing  to  the  gradual  manner  in 
which  materials  of  this  nature  give  way  to  a  crushing  force,  it  is 
difficult  to  determine  their  resistance  to  that  force  exactly.  That 
resistance  is  in  general  less,  and  sometimes  considerably  less,  than 
the  tenaciiy.  In  wrought  iron,  the  resistance  to  the  direct  crush- 
ing of  short  blocks,  as  nearly  as  it  can  be  ascertained,  is  from 
9  4 
—  to  ^  of  the  tenacity. 

lY.  Crushing  hy  buckling  or  crippling  is  characteristic  of  fibrous 
sabstanceSy  under  the  action  of  a  thrust  along  the  fibre&    It  consists 
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in  a  lateral  bending  and  wrinkling  of  the  fibres,  sometimes  accom- 
panied by  a  splitting  of  them  aHonder.  It  takes  place  in  timber^  in 
plates  of  wrought  iron,  and  in  bars  longer  than  those  which  give 
way  by  bulging.  The  resistance  of  fibrous  substances  to  crushing 
is  in  genenu  considerably  leas  than  their  tenacity,  especially  wbere 
the  lateral  adbesion  of  the  fibres  to  each  other  is  weak  compared 
with  their  tenacity.     The  resistance  of  most  kinds  of  timber  to 

1       2 
cmshingy  when  diy,  is  from  ^  to  ^  of  the  tenacity.   Moisture  in  tbe 

timber  weakens  the  lateral  adhesion  of  the  fibres,  and  reduces  the 
resistance  to  crushing  to  about  one-half  of  its  amount  in  the  dry 
state. 

156.  CnnUiHI  hr  CraM-knaktaig  is  the  mode  of  fracture  of  columns 
and  struts  in  which  the  length  greatly  exceeds  the  diameter.  Under 
the  breaking  load,  they  yield  sideways,  and  are  broken  across  like 
beams  under  a  transverse  load. 

The  laws  of  this  mode  of  breaking  were  investigated  experimen- 
tally by  Mr.  HodgkioBon.  The^following  are  his  formulas  for  oast 
iron  cylindrical  pillars : — 

When  the  length  is  not  less  than  thirty  times  the  diameter;  for 
solid  pillars,  let  h  be  the  diameter  in  inches,  L  the  length  in  feet, 
and  A  a  constant  multiplier  j  then 

Breaking  load  =  A  h^^^U'f; ,.(1.) 

for  hollow  pillars,  let  A  be  the  external  and  h'  the  internal  diameter, 
in  inches;  then 

Breaking  load  =  A  {h?'^  —  h'^'^  -s-Li-^. (2.) 

The  values  of  the  co-efficient  A  are  as  follows : —  tobs. 

for  solid  pillars  with  rounded  ends, I4'9 

„        „        „      fixed  ends, 44'^^ 

for  hollow  pillars  with  rounded  ends, 13*0 

M        „        „      fixed  ends, 44'3- 

The  strength  of  a  pillar  with  one  end  fixed  and  the  other 
rounded,  ia  nearly  a  mean  between  the  strength  of  two  pillars  of  the 
same  dimensions,  one  with  both  ends  fixed,  and  the  other  with 
both  ends  rounded. 

When  the  length  is  less  than  thirty  times  the  diameter;  let  6 
denote  the  breaking  load  of  the  pillar,  computed  by  the  preceding 
formulffi : — 

Let  c  be  the  crushing  load  of  a  diort  block  of  the  same  sectional 
area,  =  49  tons  x  sectional  area  ia  square  inches;  then 
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4  ft  c 
Actual  breaking  load  of  pillar  =  -r^rzr-^ (^0 

The  following  are  fonnnkB  deduced  bj  Mr.  Lewis  Gordon  from 
Mr.  Hodgkinson's  experiments : — 
Let  P  be  the  croBlung  load  of  a  long  rod  or  pillar,  in  lbs. ; 
S  the  sectional  area  of  material  in  it,  in  square  inches; 

A,ite  iZt^^rtemal  diameter,  }^*^^*^«"^'^*»«'f'»««^- 
Then,  approximately — 

^--^ (*•) 

The  following  are  the  values  of /and  a,  for  pillars  fixed  at  both 
ends,  by  having  flat  capitals  and  bases : — 

/  Um.  p«  IndL  a. 

Wrought  iron^ 36,000  , 


3i000 

I 
400 


Cast  iron^ 80,000  , 

For  a  pillar  rounded  or  jointed  at  both  ends, 

P  =  -^ (5.)    ■ 

I 

In  using  the  formuhe,  the  ratio  -^  is  generally  fixed  beforehand, 

to  a  degree  of  approximation  sufficient  for  the  purposes  of  the  cal- 
culation. 

In  wrought  iron  framework  and  machineiy,  the  bare  which  act 
as  struts,  in  order  that  they  may  have  sufficient  stifihess,  are  made 
of  various  forms  in  cross-section,  well  known  as  "  angle  iron," 
"  channel  iron,''  "  T-iron,"  "  double  T-iron,"  Ac.  Li  each  of  these 
fonDB,  the  line  to  be  considered  as  represented  by  A  in  the  formulae 
is  the  diameter,  in  that  direction  in  which  the  bar  is  most  flexible, 
of  a  triai^e  or  rectangle  circumscribed  about  its  section. 

WrougM  iron  eeU$  are  rectangular  tubes  (generally  square) 
usaally  composed  of  four  plate  iron  sides,  rivetted  to  angle  iron 
bars  at  the  comers.  The  tdHmate  resiOanoe  of  a  single  square  cell 
to  crashing  by  the  buckling  or  bending  of  its  sides,  when  uie  thick- 
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ness  of  the  plates  is  not  less  than  one-thirtieUi  of  the  diameter  of  the 
oeU,  as  determined  by  Mr.  Fairbaim  and  Mr.  Hodgkinson,  is 

27^000  lbs.  per  square  inch  section  of  iron; 

but  when  a  number  of  cells  exist  side  by  side,  their  stiffiiess  is 
increased,  and  their  ultimate  resistance  to  a  thrust  may  be  taken  at 

33,000  to  36,000  lbs.  per  square  inch  section  of  iron. 

The  latter  co-efficients  apply  also  to  cylindrical  cells. 

The  following  is  Mr.  Hodgkinson's  fonnula  for  the  breaking  load 
of  posts  and  struts  of  oak  and  red  pine,  when  exposed  to  crushing 
by  cross  breaking : — 

P  =  aJ*S; (6.) 

S  being  the  sectional  area  in  square  inches,  h :  I  the  ratio  of  the 
least  diameter  to  the  length,  and  A  =  3,000,000  lbs.  per  square 
inch. 

The  factor  ofeafeiy  for  the  working  load  of  timber  is  10. 

For  square  posts  and  struts,  the  formula  becomes 

^=^? <7) 

If  the  strength  of  a  timber  post  be  computed  both  by  this  formula 
and  by  the  formula  for  direct  crushing,  viz. : — 

P=/s, (&) 

the  lesser  value  should  be  adopted  as  the  true  strength. 

159.  BcvirtaMce  %m  c^llapstaff. — ^When  a  thin  hollow  cyliuder  is 
pressed  from  without,  it  gives  way  by  collapsing,  under  a  pressure 
whose  intensity  has  been  found  by  Mr.  Fairbairn  (PhUoa.  jTron*., 
1858)*  to  vary  nearly  according  to  the  following  laws  :— 

Inversely  as  the  length; 

Inversely  as  the  diameter; 

Directly  as  a  function  of  the  thickness,  which  is  very  nearly  the 
power  whose  index  is  2*19;  but  which  for  ordinary  practical  pur- 
poses may  be  treated  as  sensibly  equal  to  the  square  of  the  thick- 


The  following  formula  gives  approximately  the  coUapsing  pressu/re 
p,  in  lbs.  on  the  square  inch,  of  a  plate  iron  flue  wiUi  butt-joints, 

*  See  also  Usefitl  Information  fir  Enffmeen,  second  series,  1S60. 
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whose  lengtib  2,  diameter  d,  and  thickness  t,  are  all  expressed  in  tlie 
same  wmts  ofmeaatvre : — 

p  =  9,672,000^ (1.) 

Let  t  and  d  be  expressed  in  inches,  and  let  L  be  the  length  in 
feet;  the  above  formula  becomes 

p  =  806,000  ^ (2.) 

Mr.  Fairbaim  having  strengthened  tubes  by  rivetting  round 
them  rings  of  T-iron,  or  angle  iron,  at  equal  distances  apart,  finds 
that  their  strength  is  that  corresponding  to  the  length  from  ring  to 
ring. 

Mr.  Eairbaim  finds  that  the  collapsing  pressure  of  a  tube  of  an 
elliptic  form  of  cross-section  is  found  approximately  by  substituting 
for  d,  in  the  preceding  formulse,  the  diameter  of  the  osculating 
cirde  at  the  flattest  part  of  the  ellipse ;  that  is,  let  a  be  the  greater, 
and  b  the  less  semiroxia  of  the  ellipse;  then  we  are  to  make 

^=^- •' w 


160.  Acttoa  mtm  Trmamrmnm  X.Mid  •■  m  Bmh.  {A,  M.,  288.)— 
It  has  already  been  shown,  in  Article  112,  p.  174,  how  to  determine 
the  proportions  between  the  resultant  of  the  gross  load  of  a  beam 
and  the  two  forces  which  support  it.  In  the  present  Article  those 
cases  alone  will  be  considered  in  which  the  loading  and  supporting 
forces  are  parallel  to  each  other,  and  i^  one  plane. 

In  Article  122,  p.  184,  it  has  been  shown  how  to  determine  the 
resistances  exerted  1^  the  pieces  of  a  fitune  which  are  cut  by  an 
ideal  sectional  plane,  in  terms  of  the  forces  and  couples  which  act 
on  one  of  the  portions  into  which  that  plane  of  section  divides  the 
frame. 

The  method  followed  in  determining  the  effect  of  a  transverse 
load  on  a  continuous  beam  is  similar;  except  that  the  resistance  at 
the  plane  section,  which  is  to  be  determined,  does  not  consist  of  a 
finite  number  of  forces  acting  along  the  axes  of  certain  bars,  but  of 
a  distributed  stress,  acting  with  various  intensities,  and,  it  may 
be,  in  various  directions,  at  different  points  of  the  section  of  the 
beam. 

In  what  follows,  the  load  of  the  beam  will  be  conceived  to  oon- 
siat  of  weights  acting  vertically  downwards,  and  the  supporting 
forces  will  also  be  conceived  to  be  vertical  The  longitudinal  axis 
of  the  beam  being  perpendicular  to  the  applied  forces,  will  accord- 
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ingly  be  horiiBontaL  The  oondufiionB  [arrived  at  are  ai^cable 
to  cases  in  which  the  axis  of  the  beam  and  the  direction  of  the 
applied  forces  are  inclined,  so  long  as  they  are  perpendicular  to 
each  other. 

Let  any  point  in  the  longitudinal  axis  be  taken  as  the  origin  of 
oo-ordinatesj  and  at  a  given  horizontal  idistance  »'  from  that 
origin,  conceive  a  vertical  section  perpendicular  to  the  longitudinal 
axis  to  divide  the  beam  into  two  part& 

Let  F  denote  the  resultant  of  all  the  vertical  forces,  whether 
loading  or  supporting,  which  act  on  the  part  of  the  beam  to  the 
left  of  the  vertical  plane  of  section,  and  let  af  be  the  horizontal 
distance  of  the  line  of  action  of  that  resultant  from  the  origin. 

If  the  beam  is  strong  enough  to  sustain  the  forces  applied  to  it, 
there  will  be  a  aheofring  streaa  equal  and  opposite  to  F,  distributed 
(in  what  manner  will  afterwards  appear)  over  the  given  vertical 
section;  and  that  shearing  stress,  or  vertical  resistance,  will  con- 
stitute, along  with  the  resultant  applied  force  F,  a  couple  whose 
moment  is 

M  ==  F  (a;"-aO  (1.) 

This  is  called  the  bending  momenJt  or  moment  offleoc^/vre  of  the  beam 
at  the  vertical  section  in  question;  it  is  resisted  by  the  direct  stress 
at  that  section,  in  a  manner  to  be  explained  in  tiie  sequel ;  and  it 
tends  to  make  the  originally  straight  longitudinal  axis  of  the  beam 
become  concave  in  die  direction  towa^  which  the  resultant 
applied  force  F  acts. 

The  mathematical  process  for  finding  F  and  M  at  any  given 
cross-section  of  a  beam,  though  always  the  same  in  principle,  may 
be  varied  considerably  in  detail.  The  following  is  on  the  whole 
the  most  convenient  way  of  conducting  it. 


Fig.  129. 


Fig.  129  represents  a  beam  mpporUd  at  both  ends,  and  loaded 
between  them  Fig.  130  represents  a  beam  mtpportod  and  fined  at 
one  end,  and  loaded  on  a  projecting  portion.    Pp  Py  represent  iu 
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each  cftae  the  sapporting  forces;  in  fig.  129,  Wj,  Wj,  Wj,  Ac, 
represent  portions  of  the  load;  in  fig.  130,  W^  represents  the  end* 
most  portion  of  the  load,  and  W^,  Wj,  W„  other  portions;  in  both 
figures,  Aa^,  £kx^  ^x^  Aa,  denote  the  lengths  of  the  parts  into 
which  the  lines  of  action  of  the  portions  of  the  load  divide  the 
hoTuontal  axis  of  the  beam. 

The  figures  represent  the  load  as  applied  at  detached  points; 
Imt  when  it  is  continuously  distributed,  the  length  of  any  in- 
defimtelj  short  portion  of  the  beam  will  be  denoted  by  d  x,  the 
intensity  of  the  load  upon  it  per  unii  of  length  by  to,  and  the 
amount  of  the  load  upon  it  by  10  <^  o^ 

The  prooesB  to  be  gone  through  will  then  consist  of  the  following 


Sup  L  To  find  the  Supporting  Forca. — ^Assume  any  convenient 
point  in  the  horizontal  axis  as  origin  of  co-ordinates,  and  find  the 
distance  Xq  of  the  resultant  of  the  load  fi:om  it,  by  the  method  of 
Article  97,  Division  YIII,  p.  143,  for  forces  acting  through 
detached  points,  and  by  the  method  of  Article  104,  Division  Y., 
p.  153,  for  a  continuously  distributed  load;  that  is  to  say, 
2-ajW 

jxwdx 


h 


dx 


.(21) 


Then,  as  in  Article  112,  p.  174,  find  the  two  supporting  forces, 
Pj  and  F^;  that  is  to  Hay,  if  a^  and  x^  be  the  distances  of  the 
points  of  support  firom  the  origin,  with  their  proper  signs,  make 


(3.) 


StbpIL  To  find  the  Shec^ng  Forces  ai  a  Series  0/ Sections^ln 
vhat  position  soever  the  origin  of  co-ordinates  may  have  been 
donng  the  previous  step,  assume  it  now,  in  a  beam  supported  at 
jwth  ends,  to  be  at  one  of  the  points  of  support  (as  A,  fig.  129),  and 
in  a  beam  fixed  at  one  end,  to  be  at  the  loaded  point  fiuthest  from 
the  fixed  end  (as  A,  fig.  130).  Consider  upward  forces  as  positive, 
downward  as  negaitive. 

Then  the  shearing  force  at  any  given  cross-section  of  the  beam  is 
the  resultant  of  all  the  forces  acting  on  the  beam  from  the  origin  to 
that  cross-section;  so  that  at  the  series  of  points  where  Pj,  Wj, 
Wj,  W«,  <fea,  act  in  ^g.  129,  and  where  Wf^  W^,  Wj,  W^  &a,  act 
in  fig.  130,  it  has  the  series  of  values, 
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In  Fig.  129. 
Fi  =  Pi  — W,; 

and  generally, 

F  =  Pi  — 2-W;...(4.) 


In  Fig.  130. 

—  Fo=Wo; 

—  Fi  =  Wo  +  Wi; 

—  Fj  =  Wo  +  Wi  +  Wj;' 

—  Fj  =  Wo+ Wi+WgH- W3; 

and  generally 

— F=:2-W;....(5.) 


so  that  the  shearing  forces  at  a  series  of  sections  can  be  computed 
by  successive  subtractions  or  suocessLve  additions,  as  the  case 
may  be. 

For  a  continuously  distributed  load,  these  equations  became 
respectively, 

'  fodx; (7.) 

0 

in  which  expressions,  a/  denotes  the  distance  fiom  the  origin  A  to 
the  plane  of  section. 

The  symbol  —  F  denotes  that  the  shearing  force  is  down-ward. 

The  Ck«ateM  MMMriiq;  F«rc«  acts  in  a  beam  supported  at  both 
ends,  close  to  one  or  other  of  the  points  of  support,  and  its  value 
is  either  Pj  or  P^.  In  a  beam  fixed  at  one  end  the  greatest  shear- 
ing force  on  the  projecting  part  acts  close  to  the  outer  point  of 
support,  and  its  value  is  equal  to  the  entire  load. 

In  a  beam  supported  at  both  ends,  the  ShearlBg  Vot««  rmmUkm  at 
some  intermediate  section,  whose  position  may  be  found  from 
equation  4  or  equation  6,  by  making  F  =  0. 

Step  III.  To  find  the  Bending  Moments  at  a  Series  0/ SecUone. 
— ^At  the  origin  A  there  is  no  bending  moment  Multiply  the 
length  of  each  of  the  divisions  a  a  of  the  longitudinal  axis  of  the 
beam  by  the  shearing  force  F,  which  acts  at  the  outer  end  of  that 
division;  the  first  of  the  products  so  obtained  is  the  bending 
moment  at  the  inner  end  of  the  first  division;  and  by  adding  to  it 
the  other  products  successively,  there  are  obtained  successively  the 
bending  moments  at  the  inner  ends  of  the  other  divisions  in 
succession.* 

That  is  to  say, — ^bending  moment, 

•This  prooeas  is  sabstantiAlly  the  same  with  that  employed  by  Mr.  Herbert 
l.atbam,  in  hia  work  On  Iron  Bndgta,  to  oompute  the  stieeB  in  a  half-lattioe  girder. 
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«t  the  origin  A  =  0; 

at  the  line  of  action  ofWi;  M^sr  Fq  •  A  oj^; 
„         „  „        W^jM^sFo-AiBi  +  Pj.  AXg; 

„        W3;M3  =  Fo-a«i  +  F;.a«,  +  F,-a*3; 
Ac  4fea 

and  generally,  M  =  2  *  F  Ax. (8.) 

I/ihe  dwinona  ax  are  qfequal  length,  this  becomes 

M=Aa-2F; (9.) 

and  for  a  oontinnously  distributed  load. 


Ulr^j'^Fdx. (10.) 


The  three  preceding  equations,  8,  9,  and  10,  are  applicable  to 
beams  whether  supported  at  both  ends  or  fixed  at  one  end.  By 
substituting  for  F  in  equation  10  its  values  as  given  by  equations 
6  and  7  respectively,  we  obtain  the  following  results : — 

For  a  beam  supported  at  both  ends, 

=  T^7f  —  r{a/  —  x)wdx; (11.) 

J  0 

For  a  beam  fixed  at  one  end, 

—  M.=:j''j'^iodx=:j'^(af'^x)wdx; (12.) 

in  the  latter  of  which  equations,  the  symbol  —  M  denotes  that  the 
bending  moment  acts  downwards. 

The  Chwvtcai  BcndiMs  Hohmbs  acts,  in  a  beam  fixed  at  one  end, 
at  the  outer  point  of  support;  and  in  a  beam  supjported  at  both 
ends,  at  the  section  where  the  shearing  force  vanfahes,  found,  as 
already  stated  in  Step  IL,  from  the  equation  F  =  0. 

When  the  load  on  a  beam  supported  at  both  ends  is  sym- 
metrically distributed  relatively  to  its  middle  section,  the  Greatest 
Bending  Moment  acts  at  that  section;  and  it  is  sometimes  con- 
venient to  assume  a  point  in  that  section  as  the  origin  of  co- 
ordinates. 

Stbp  rV.  To  find  the  ^ect  of  combining  several  Loads  on  one 
Beam,  whose  separate  actions  a/re  %noum; — ^for  each  cross-section,  the 
shearing  force  is  the  sum  of  the  shearing  forces,  and  the  bending 
moment  the  sum  of  the  bending  moments,  which  the  loads  would 
produce  separately. 
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StkpY.  To  deduce  the  Shearwg  Force  aa^dBemimg  Mof^ 
Beam  from  thoee  in  another  Beam  eimUaHy  mpporiad  and  loaded, 
— ^ThiB  18  done  by  the  aid  of  the  following  principles : — 

When  bea$na  dSffmng  m  UmgQ^  and  in  &e  amounts  of  the  loads 
upon  them  are  eimilarif/  eupporied,  and  have  their  loads  similarly  die- 
trUnUed,  the  shearing  forces  at  corresponding  sections  in  them  vary  as 
the  total  loads,  and  Ae  bending  moments  as  the  products  of  the  loads 
and  lengths. 

This  principle  may  be  expressed  by  symbols  in  either  of  the  two 
following  ways : — 

First,  Let  I,  f,  denote  the  lengths  of  two  beams,  similarly  sap- 
ported;  let  W,  W',  denote  their  total  loads,  similarly  distributed; 
let  F,  F',  be  the  shearing  forces,  and  M,  M',  the  bending  moments, 
at  sections  similarly  situated  in  the  two  beams;  then 

W  :  W :  :  F  :  P; (13.) 

Z  W  :  ^'  W  :  :  M  :  M'. (14.) 

Secondly,  Let  k  and  m  be  two  nomerical  factors,  depending  on 
the  way  in  which  a  beam  is  supported,  the  mode  of  distribution  of 
its  load,  and  the  position  of  the  cross-section  under  consideration ; 
then 

F==*W; (16.) 

M  =  mW«. (16.) 

Loads  upon  beams  are  stated  either  in  pounds,  hundredweights, 
or  tons;  lengths  of  beams,  in  feet,  or  in  inches;  and  according  to 
the  units  of  load  and  length  employed,  the  unit  of  bending  moment 
is  a  Joot^pound,  an  indb-pound,  a  /oot-hundredu)eight^  an  taofc- 
hundredweight,  SkfootrUm,  or  an  inchrUm,  as  the  case  may  be. 

As  the  transverse  dimensions  df  beams  are  expressed  in  inches, 
and  their  moduli  of  strength  in  pounds  on  the  square  inch,  the 
most  convenient  units  aie^  the  pound,  the  inch,  and  the  inch- 
pound. 

The  following  is  a  oom.par]son  of  different  utkit    of  bending 

Inch-lbs. 

12=   I  Ft-lb. 
112  =   9^  =   I  Inch-cwt 
1344=  112  =  12  =  I  Foot-cwt 
2240^=5=  i86|  2=  20  =  i§  =  I  Inch-ton. 
36880  r=  2240  =  240  =  20  =12  =  1  Foot-ton. 

161.  B» 
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^In  each  example  in  the  preoeding  iahle,  I  denotes,  for  a  beam  fixed 
it  one  end,  the  length  measured  from  the  outer  pomt  of  support  to 
the  farthest  projecting  loaded  point,  and  for  a  beam  supported  at 
both  ends,  the  length  or  span  between  the  points  of  support;  W 
denotes  the  total  load;  F  and  M  denote  Uie  shearing  force  and 
bending  moment  at  any  cross-section  situated  at  the  distance  of 
from  the  origin  (which,  as  in  the  preceding  article,  is  the  point 
where  M  =  0);  F^  denotes  the  greatest  shearing  force;  o^^  the 
position  of  the  section  where  it  occurs;  M^  the  greatest  bending 
moment;  a^^  the  position  of  the  cross-section  where  it  occurs;  k,  m, 
the  two  &ctors  employed  in  equations  15  and  16,  for  the  sections 
of  greatest  shearing  stress  and  greatest  bending  moment  re- 
spectively; that  is  to  say. 


Jfe=Fi  -i- W;  m  =  M^-T- Wt 


..(1.) 


To  transform  the  expressions  in  the  preceding  table.  Cases  IV . 
to  YIL,  which  are  suited  for  co-ordinates  measured  from  one 
point  of  support  of  a  beam  supported  at  both  ends,  into  expressions 
suited  for  co-ordinates  measui^  from  the  middle  of  the  beam,  let 
e  be  the  half -span,  and  substitute  2  c,  a/  —  c,  a/^  —  c,  a/o  —  c,  and 
x"  —  c,  respectively,  for  ly  a/,  a/p  af^,  and  a^,  throughout  the  whole 
of  that  part  of  the  tabla 

In  the  following  example,  a  beam  supported  at  both  ends  ia 
sapposed  to  be  loaded  at  a  series  of  detached  points,  which  divide 
the  length  of  the  beam  into  N  equal  divisions^  so  that  the  length 
of  one  of  those  divisions  is  ^  -£-  N.  The  origin  of  co-ordinates  being 
at  a  point  of  support,  the  pkne  of  section  in  each  example  is  sup- 
posed to  be  immediately  beyond  the  n^  division  from  that  point. 


CAsa. 

F 

^x 

h 

H 

^-o 

fli 

VilLEachintennadiate 
point  lMMl«d  with  w; 
total  load  (N  —  1) 
w, 

Oor 
N— 1. 

1 

•-^^'"' 

2 

r  07  even) 
1 

L  8N* 

Cask  IX.  Tra/odling  Load.— A  beam  of  the  span  I  is  supported 
at  the  two  ends;  a  permanent  load  of  the  uniform  intensity  of  w 
lbs.  per  lineal  foot  is  distributed  over  it.  An  additional  load,  such 
as  the  weight  of  a  railway  train,  of  ii/lbs.  per  lineal  foot,  gradually 
rolls  on  to  the  beam  from  one  end,  covering  it  at  last  from  end  to 


2*18 


XATBBIAU  AKD  8TRUCTUBB. 


end,  and  then  rc^  off  again  at  the  other  end  It  ib  required  to 
find  the  greatest  shearing  foroe  at  any  given  section,  and  also  the 
greatest  landing  moment 

The  OrmMtMt  Shearing  Farce  at  a  given  cross-section  oocors  when 
the  longer  of  the  two  segments  into  which  it  diridee  the  beam  ia 
loaded  with  the  tntvdling  load  as  well  as  with  the  permanent* 
load,  and  the  shorter  loaded  with  the  permanent  load  only.  Let 
F  denote  that  force,  and  x  the  distance  of  the  section  in  questioa 
from  the  nearer  end  of  the  beam ;  then 


G-') 


21       • 


.{%) 


This  formula  may  be  rendered  somewhat  more  83rmmetrical  by- 
taking  the  middle  of  the  beam,  instead  of  one  of  the  ends,  as  origin  of 
co-ordinates.  Let  of,  then,  denote  the  distance  of  the  section  in 
question  from  the  middle  of  the  beam,  and  c  sr  2  -h  2,  its  half- 
span  j  then  «  =  c  —  a/;  and 

r  =  v,j+^±^. (3.) 

The  Grecdut  Bending  Moment  at  each  section  occurs  when  the 
travelling  load  extends  over  the  whole  length  of  the  beam;  so  that 
in  this  respect  no  difference  exists  between  the  present  case  and 
case  y I*  of  the  preceding  table ;  that  is  to  say. 


—  2  "■  2  ' 


.(4.) 


The  preceding  principles  are  represented  graphicaUy  by  the 
foUowiDg  construction.  In  fig.  131,  let  A  B  represent  the  span  of 
the  beam;  bisect  it  in  C.  Through  A  draw  DAE  peipendicular 
to  A  B,  and  take  A  D  to  represent  half  the  greatest  permanent  loadj 
that  is,AD=rtoZ^2,  and  A  £  to  represent  on  the  same  scale  half 
the  greatest  troflxUifiglocdyiAjAt^AjA.'&^^v)'^  Draw  the  straight 

line  C  D;  also  the  parabola  B  L  E, 
having  its  vertex  at  B,  touching  A  K 
About  C  describe  the  semicircle  A  F  B, 
and  consider  0  F^,  or  the  square  of 
the  radius  of  that  semicircle  perpen- 
dicular to  A  B,  as  representing  the 
greatest  bending  moment  at  the  middle  of 
the  beam,  or  {w  +  uf)  P  ^  8.  Let  G 
Pl^  23,^  represent  the   position   of   any  cross- 

section  of  the  beam.    Draw  H  G  I  K 
perpendicular  to  A  B;  then  H  I  will  represent  the    greatest 
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ibeanng  fi>]!oe  at  that  secticm,  and  G  K>  the  greatest  bending 
111.0HI611I 

The  ordinate  0  L  of  the  parabola  at  the  middle  of  the  span, 
bemg  one-fourth  oi  A'E,  represents  the  greatest  shearing  force  in 
the  middle  of  the  beam,  which  is  one-eighth  of  the  greatest 
trsyelling  load,  or  «c/  {  -h  8. 

Case  X. — ^If  a  beam  has  equal  and     t^/  A-p^ 

oppoeUs  e&uplea  applied  to  its  two  ends,     J I 

—for  example,  if  the  beam  in  fig.  133     1*^ — rP  Ci ji 


bas  the  couple   of  equal  and  opposite 
fiwees  P,  applied  at  A  and  B,  and  the  ^"Pi  ^% 

couple  of  equal  and  opposite  forces  P,  at  Fig.  182. 

0  and  D,  and  if  the  opposite  moments, 

Pi-AB=:P,CD  =  M, (5.) 

are  equal,  then  each  of  the  endmost  divisions  of  the  beam,  A  B  and 
C  D,  is  in  the  condition  of  a  beam  fixed  at  one  end  and  loaded  at 
the  other  (Case  L);  and  the  middle  division  B  C  is  subject  to  the 
vniform  mamenC  ofjlexure  M,  and  to  no  shearing  force. 

162.  BcmMmim  !•  CwmmHBrmmhiuB—'Twmmmwmnm  mumm^iA.  (A.  if., 
293  to  295,  309,  310.>— The  bending  moment  at  each  cross-section 
of  a  beam  bends  the  beam  so  as  to  make  any  originally  plane  layer 
of  the  beam,  perpendicular  to  the  direction  of  the  load,  become 
concave  in  the  diroction  towards  which  the  moment  acts,  and  convex 
in  the  opposite  direction.  Thus,  fig.  133  represents  a  side  view 
of  a  short  portion  of  a  beam  suj^rted 
at  the  ends  and  loaded  at  intermediate 
pomts;  O  C  is  a  layer,  originally  plane, 
and  perpendicolar  to  the  dijnection  of  the 
)oad,  which  is  now  bent  so  as  to  become 
ooQcave  above  and  convex  below. 

The  layers  at  and  *near  the  concave  Big  188. 

side  of   the  beam  A  A'  are  shortened, 

and  the  layers  near  the  convex  side  B  K  lengthened,  by  the  bending 
action  of  the  load.  There  is  one  intermecUate  snriace  O  (Y  which 
ia  neither  lengthened  nor  shortened ;  it  is  called  the  "  rieutral  «ur- 
face,"  The  particles  at  that  surface  are  not  necessarily,  however, 
in  a  state  devoid  of  strain;  for,  in  common  with  the  other  particles 
of  the  beam,  they  are  compressed  and  extended  in  a  pair  of  diagonal 
directbns,  making  angles  of  45''  with  the  sur&oe,  by  the  shearing 
action  of  the  load,  when  such  action  exista 

The  condition  of  the  particles  of  a  beam,  produced  by  the  com- 
bined bending  and  shearing  actions  of  the  load,  is  illustrated  by  fig. 
134,  which  represents  a  vertical  longitudinal  section  of  a  rect- 
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Fig.  184. 


angular  beam,  supported  at  the  ends,  and  loaded  at  intermediate 

points.  It  is  covered  with  a  net- 
work consisting  of  two  sets  of  curves 
cutting  each  other  at  right  angles. 
The  curves  convex  upwards  are  linea 
of  direct  ikmst;  those  Qonvex  down- 
wards are  lines  of  direct  tendon,  A 
pair  of  tangents  to  the  pair  of  curves  which  traverse  any  particle,  are 
the  aa5Wo/«er««  of  that  particle.  (See  Art  108,  p.  167.)  The  neu^m^ 
mi/rface  is  cut  by  both  sets  of  curves  at  angles  of  45°.  At  that 
vertical  section  of  the  beam  where  the  shearing  force  vanishes,  and 
the  bendingmoment  is  greatest,  both  sets  of  curves  become  horueontaL 
Except  in  cases  to  be  afterwards  specified,  it  is  unnecessary  to 
consider  the  shearing  action  of  the  load  on  a  beam. 

When  a  beam  br^s  under  the  bending  action  of  its  load,  it 
gives  way  either  by  the  crushing  of  the  compressed  side,  A  A',  or 
by  the  tearing  of  the  stretched  side,  B  K. 

In  fig.    135,  A  represents  a 

_A_^ ^      • . beam  of  a  granular  material, 

like  cast  iron,  giving  way  by 
the  crushing  of  the  compressed 
side,  out  of  which  a  sort  of 
wedge  is  forced.  B  represents 
tearing  asunder  of  the    stretched 


Fig.  185. 


giving  way  by  the 


a  beam 
sida 

^  The  re8ittmu»  of  a  beam  to  bending  and  cross-breaking  at  any 
given  cross-section  is  the  moment  of  the  couple,  consisting  of 
the  thrust  along  the  longitudinally-compressed  layers,  and  the 
equal  and  opposite  tension  along  the  longitudinally'-sti'etched 
layers. 

It  has  been  found  by  experiment,  that  in  most  cases  which  occur 
in  practice,  the  longitudinal  stress  of  the  layers  of  a  beam  may, 
without  material  error,  be  assumed  to  "be  untforndy-varying 
(Article  106,  p.  163),  its  intensity  being  simply  proportional  to 
the  distance  of  the  layer  from  the  neutral  surface. 

Let  fig.  136  represent  a  cross-section  of  a  beam  (such  as  that 
represented  in  fig.  133),  A  the  compressed  side, 
B  the  extended  side,  C  any  layer,  and  O  0  the 
nefutral  axis  of  the  section,  being  the  line  in  which 
it  is  cut  by  the  neutral  surface.  Let  p  denote  the 
intensity  of  the  stress  along  the  layer  C,  and  y  the 
distance  of  that  layer  from  the  neutral  axis;  because 
the  stress  is  uniformly  varying,  />  -§-  y  is  a  constant 
quantity.  Let  that  constant  be  denoted  for  the  pre* 
sent  by  a. 
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Let  2  be  the  breadth  of  the  layer  C,  and  dyita  thickness ; 
Then  the  amoimt  of  the  stress  along  it  is 

pzdy^ayzdy; 

the  amoont  of  the  stress  along  all  the  layers  at  the  given  cross- 
section  is 


^jyzdy. 


aod  this  amount  must  be  nothing, — ^in  other  words,  the  total 
thnut  and  total  tension  at  the  cross-section  must  be  equal, — ^because 
the  foTt»8  applied  to  the  beam  are  wholly  transverse;  £rom  which 
it  follows,  that 


fyzdy^O, (1.) 


and  the  neutral  aada  traveraes  the  centre  ofgravUy  of  the  crota-eection. 
This  principle  enables  the  neutral  axis  to  be  found  by  the  aid  of 
the  methods  explained  in  Articles  104  and  105,  pp.  152  to  158}  it 
being  borne  in  mind  that  the  process  of  finding  the  centre  of  gravity 
of  a  given  plane  figure  is  the  same  with  that  of  finding  the  centre 
of  gravity  of  a  homogeneous  umfonmly  thick  fiat  plate  of  that 
figure. 

To  find  the  gi-eatest  value  of  the  constant  p  -hy  consistent  with, 
the  strength  of  the  beam  at  the  given  cross-section,  let  y^  be  the 
distance  of  the  compressed  side,  and  y^  that  of  the  extended  side 
from  the  neutral  axis;  f^  the  greatest  thrust,  and  /» the  greatest 
tension,  which  the  material  can  bear  in  the  form  of  a  beam; 
compute  /,  -^  y^  and  /»  -&-  y^,  and  adopt  the  less  of  those  two 
quantities  aA  the  value  oi  p  ^  y,  which  may  now  be  denoted  by 
/-r  yp /being/,  or/,  and  y^  being  y.  or  y»,  according  as  the 
beam  is  liable  to  give  way  by  crushing  or  by  tearing. 

The  moment  relatively  to  the  neutoal  axis»  of  the  stress  exerted 
along  any  given  layer  of  the  cross-section,  is 

ypzdy^^^zdy, 

and  the  sum  of  all  such  moments,  being  the 

oiMMBK  •r  RMiatmce  of  the  given  cross-section  of  the  beam  to 
breaking  across,  is  given  by  the  formula, 

^0=  \vyzdy=^  ^f  y^zdy; (2.) 

J  y^j 
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or  making  fy^  z  dy^l^ 

Mo={^ (2  a.) 

91 

When  the  Irwking  load  is  in  question,  the  oo-effident/is  what 
is  called  the  modulus  of  bufture  of  the  material  It  does  not 
always  agree  with  the  resistance  of  the  same  material  to  direct 
crashing  or  direct  tearing,  but  has  a  special  value,  which  can  be 
found  by  experiments  on  cross-breaking  only.  One  of  the  causes 
of  this  phenomenon  is  probably  the  fiict,  ab:eady  stated  in  Article 
154,  p.  229,  that  the  resistance  of  a  material  to  a  direct  stress  ia 
increased  by  preventing  or  diminishing  the  alteration  of  its  trans- 
verse  dimensions;  and  another  cause  may  be  the  fact,  that  the 
strength  of  masses  of  metal,  especially  when  cast,  is  greater  in  the 
external  layer,  or  «Kn,  than  in  the  interior  of  the  masa  When  a 
bar  is  directly  torn  asunder,  the  strength  indicated  is  that  of  the 
weakest  part  of  the  mass,  which  is  in  the  centre;  when  it  is  broken 
across,  the  strength  indicated  is  that  either  of  the  skin,  which  is 
the  strongest  part,  or  of  some  part  near  the  skin 

When  the  proof  load  or  vxyrking  had  is  in  question,  the  co- 
efficient /  is  the  modulus  of  rupture  divided  by  a  suitable  fwior 
i^MfeAyy  as  to  which  see  Article  143,  p.  222. 

The  factor  denoted  by  I  in  the  preceding  equation  ia  what  is 
oonventionaUy  called  the  ^*  moment  of  inertia"  of  the  cross-section 
of  the  beam.  For  sections  whose  figures  are  similar,  or  are  parallel 
projections  of  each  other,  the  moments  of  inertia  are  to  eadi  other 
as  Uie  breadths,  and  as  the  cubes  of  the  depths  of  the  sections;  and 
the  values  of  y^  are  as  the  depths.  If,  therefore,  6  be  the  breadth 
and  k  the  depth  of  the  rectangle  circumscribing  Uie  cross-section  of 
a  given  beam  at  the  point  where  the  moment  of  flexure  is  greatest, 
we  may  put 

I  =  n'6A» (3.) 

y  =  m'h (4.) 

vl  and  m'  being  numerical  fitctors  depending  on  the  form  of 
section;  and  making  n.'  -f-  m'  =  n,  the  moment  of  resistance  may 
be  thus  expressed, — 

Mo  =  n/6W (5.) 

Hence  it  appears,  that  the  resistamoea  of  wtwiUur  eroMseoiions  to 
ero$94nwikmg  are  ae  their  breadths  and  ae  the  eqwvree  of  their 
depths. 
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The  relatioiL  between  the  load  and  the  dimenaianii  of  a  beam  is 
hand  by  equating  the  value  of  the  greatest  bending  moment  in 
tenns  of  the  load  and  length  of  the  b^im^  as  given  in  Article  1^, 
eqiiations  10,  11,  12,  and  16,  pp.  243,  244,  to  the  value  of  the 
moment  of  resistance  of  the  beam,  at  the  cross-section  where 
that  greatest  bending  moment  acts,  as  given  in  equation  5  of  this 
Article;  that  is  to  say, 

Til[^=mWl=n/bh^ (6.)     * 

iR  being  the  oo-effident  depending  on  the  mode  of  distribution  of 
the  load,  as  defined  by  equation  1  of  Article  161,  p.  247,  and 
given  for  particular  cases  in  the  tables  and  examples  of  Article 
161. 

In  using  the  above  equation  6,  it  is  to  be  understood  that  the 
Bame  imit  of  measure  is  to  be  employed  for  all  the  dimensions  of 
the  beam;  and  inasmuch  as  the  vidues  of  the  ^'modulus  of 
ruptore**  /given  in  tables  are  generally  stated  in  pounds  on  the 
9qware  ifnch^  so  that  the  inch  is  the  proper  unit  for  the  transverse 
dunensions  b  and  hy  the  length  or  span  I  ought  to  be  expressed  in 
inches  also,  so  that  the  bending  moment  wiU  be  computed  in  inch- 
pounds. 

In  finding  the  value  of  the  moment  of  inertia  I  of  cross-flections 
of  complex  figure,  the  following  rules  are  useful: — 

If  a  complex  cross-section  is  made  up  of  a  number  of  simple 
figures^  conceive  the  centre  of  gravity  of  each  of  those  figures  to  be 
tiavereed  by  a  neutral  axis  parallel  to  the  neutral  axis  of  the  whole 
section.  Fmd  the  moment  a£  inertia  of  each  of  the  component  figures 
relatively  to  its  own  neutral  axis ;  multiply  its  area  by  the  square  of 
the  distance  between  its  own  neutral  axis'  and  the  neutral  axis  of 
the  whole  section;  and  add  together  all  the  results  so  found,  for 
^e  moment  of  inertia  of  the  whole  section.  To  express  this  in 
symbols,  let  A'  be  the  area  of  any  one  of  the  component  figures,  f/ 
Ihe  distance  of  its  neutral  axis  from  the  neutral  axis  of  the  whole 
section,  1'  its  moment  of  inertia  relatively  to  its  own  neutral  axis; 
then  the  moment  of  inertia  of  the  whole  section  is 

I=:2-I'+2-3^A' (7.) 

When  the  figure  of  the  cross-section  can  be  made  by  taking 
Qway  one  simpler  figure  from  another,  so  that  the  centre  of  gravity 
of  the  whole  figure  is  found  by  subiraetion  (as  in  p.  154),  botili 
the  area  and  the  moment  of  inertia  of  the  subtracted  figure  are 
to  be  conffldered  as  negative,  and  so  treated,  in  making  use  of 
equation  7. 
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163.  BxKMvlM  •r  nfmnrnt  mi  lUatoiaBce.— The  following  table 
oontains  examples  of  the  values  of  the  Motors  n',  m!,  and  n,  of 
equations  3,  4,  and  5 : — 


FoBM  ov  Gsofls  Sbotioiis. 

•'=n-»- 

Mo 

L  RficUiurle  6 A.  ..) 

1 
12 

1 
2 

1 

6 

(indadiog  aqoare}           > 

IL  Ellipse^ 

Vflrtiral  *Tiii*,...t ) 

«•        1 
64""20-4 
=  0*0491 

1 
2 

«-       1 
32  ""10*2 
=  0-0982 

Horizontal  axifl6. ?• 

Hncliiding  circle)           j 

TTT.  HoUowwcUngle,5A-*'*';«l»o1 
I-formed  section,  where  6'  is  I 
the  lom  of  the  hreadthe  of  the  1 
lateral  hoUows, J 

U^-Z) 

1 
2 

K^  ^P 

IV.  Hollow  eqnare—                        \ 

b(-?) 

1 
2 

J(-P 

1    (l     »'*^A 
20-4  V         6AV 

1 
2 

X0-2\.         6»V 

VT    Hftllftw  dralffiL 

2RV^-v) 

1 
2 

mO-**) 

VIL  Isoecelee  triangle;  base  6,  height) 

1 
86 

2 
1 

1 
34 

The  following  examples  are  not  well  suited  for  introduction  into 
the  tables: — 

Example  VIIL — ^T-formed  section. 

Areas.        Dep(h& 
Flange  or  tabloi A^  \ 

Vertical  web, Ag  h^ 

Totals,  Ai  +  A2  =  A;  h^-^h^^h. 

Exact  iSofti^ion.— Distance  of  the  neutral  axis  firom  the  edge  of 
the  vertical  web, — 
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Moment  of  Inertia  of  whole  section, — 

^ 12  *  4  A 

Moment  of  Bemstanoe,  as  before, — 


1 
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Mo=- 


Jl 


Vi 


+A 


)• 


/: 


(1) 


.(2.) 


il^;7»nKB»f7uife  Soifdion, — ^Wben  hpa  small  compared  with  A,,  make 
A'  =  ^  +  ^  A^  j  then,  the  following  are  nearly  correct : — 

_/A\A,(A,-h4A,) 
"*  6        A^  +  2Ai 

Example  EL — ^Double  T-formed  section.    The  beam  is  aasomed 
to  give  waj  hj  the  tearing  of  the  lower  flange  or  table 
B.    Let  the  areas  and  depths  of  the  parts  of  which 
the  section  consists  be  denoted  as  follows : — 

Atcml        Depths. 

Upper  flange  or  table A^  h^. 

Vertical  web,  Aj,  h^ 

Lowerflange  ortable, Aj,  hi 

Totals^ Ai  +  A^  +  A3  =  A,Ai-»-A2  +  A8=i. 


Fig.  137. 


Exact  SdfUicn, — The  height  of  the  neutral  axis  above  the  lower 
aide  of  this  section  is 


y»-2  2  A  ' 

The  Moment  of  Inertia  of  the  section, — 

I  =  A^^,^iA^^^l^|^^^^^^^^^,^. 

+  A,  A,(Ai  +  A^  + A,  A,(Aj  +  A,)«  } ; 


a&d  the  Moment  of  Beeistance,- 


M„-^^- 


(3. 


J 


(4.) 
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Approximate  Sdtdion, — ^When  h^  and  h^  are  small  compared  with 
h^  make 

then  the  following  formidie  are  nearly  correct : — 

h'/      A,-Aa     A'.A,-k2A,'. 
*»-lV A~;-2  A~~' 

T-A'*/-^  ,  A,A,  +  AiA^  +  4AiA^)  . 
112  4A  /' 

M  _/J_/*yA,(A^  +  4Ai  +  4A^  +12 A^ A,. 
"«-y»-    6  A,  +  2Ai  'J 

Another  Approximate  Solution^  when  Aj  is  veiy  small,  or  when 
there  is  an  open  frame  instead  of  a  vertical  web— 

y.= -^';  I  =  *!:^»;  Mo=/»A'A, (5.) 

164.  eiMMMiiM  •£  Bvisi  flCMiisih. — ^The  nse  of  the  T-ahaped 
and  double-T-shaped  cross-sections  mentioned  in  the  last  Article,  is 
to  economize  any  material  whose  resistances  to  cross-breaking  by 
crushing  and  by  tearing  are  different,  by  so  adjusting  the  position 
of  the  neutral  axis,  that  the  tendencies  of  the  beam  to  break  across 
by  crushing  and  by  tearing  shall  be  as  nearly  as  possible  equal  The 
following  are  the  rules  for  effecting  that  adjustment : — 

Let/«  be  the  modulus  of  rupture  by  crushing; 
„  fb        ♦,  „  n         by  tearing; 

„  y^  the  distance  from  the  neutral  axis  to  the  compressed  side; 
„  yi         „  „  „  extended  side; 

y^-^y^-h  being  the  depth  of  the  beam; 

then  the  neutral  axis  should  be  so  placed  as  to  divide  that  depth  in 
the  following  proportion : — 

::     h 

Let  A^,  as  before,  denote  the  area  of  the  cross-section  of  the 
vertical  web  of  a  beam,  TMOswredfrom  centre  to  cenJtre  of  the  top  and 
bottom  flanges ;  A^  the  area  of  the  compressed  flange,  Ag  that  of 
the  extended  flange. 

The  following  solutions  are  to  the  same  d^;ree  of  approximation 
with  those  in  equations  2  and  4  of  Article  163. 


'■f'--f^ • (1.) 
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Case  I.  f^  greater  than  f^  beam  T-shaped. — Here  the  flange  h 
Feqnired  at  the  stretched  aide  of  the  girder;  and  its  area  must  be  as 

follows : — 

A,=^»A^ (2.) 

The  Moment  of  Kesistance  of  this  form  of  cross-section  is  (see  Article 
163,  equation  2,  p.  255) — 

(2^/,)^, (3j 

Case  II.  /^  greater  than  f^  heam  double  T-shaped. — The  area  of 
the  compressed  flange  being  A^  that  of  the  st/retched  flange  should  be 

as  follows : — 

^«=7»^^4lr^' ^^•> 

when  the  Moment  of  Eesistance  will  become 


Mo=A'|/.A,  +  (2/.-/.)^} 
=  *'{/.A3-C/-.-3/.)^?}    (5.) 


In  designing  a  beam  to  bear  a  given  bending  moment,  the  depth 
^  and  area  A^  of  the  vertical  web  are  to  be  fixed  by  considerations 
of  practical  convenience,  when  equation  5  will  enable  the  areas  of 
either  or  both  of  the  flanges  to  be  computed. 

Example. — Suppose  that  for  a  certam  sort  of  cast  iron, 

/^  =  80,000  lbs.  in  the  square  inch; 
/,  =  20,000    „      „ 

so  that  in  a  well-proportioned  section, 

5  :  4  :  1  :  :  A  :  y.  :  y^ 
Then  in  a  T-shaped  section, 


A        ^-^A        ^A  A 

A8=~^A2  =  ^A2;  and 

140,000^- A,. 
^  = 6 ' 


f 


.(6.) 


aud  in  a  double  T-shaped  section, 

3 
A3  =  4Ai-»-^Aj;*  and 

•  This  result  agrees  Demrly  with  the  proportions  which  Mr.  Hodgktoson  found 
ezperfanentally  to  be  the  best  for  cast  iron  beams. 

S 
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M^^h*i  80,000  A 1  -»- 140,000^  l 

=  A' {20,000  A^-40,000^| (7.) 

Case  III.  /«  less  than  f^  beam  T-shapecL — Here  the  flange  is 
required  at  the  compressed  side  of  the  beam,  and  its  area  should  be, 

Ai=47;'^^ ^^^ 

The  Moment  of  Eesistance  of  this  cross-section  is 

^JMzf^JLh (9.) 

Case  IV.  /.  less  thanf^  beam  double  T-shaped. — ^The  area  of 
the  stretched  flange  being  A3,  that  of  the  compressed  flange  should 
be  as  follows : — 

Ai  =  ^A,  +  4^>5.A,j (10.) 

when  the  Moment  of  Resistance  will  become 


=  *'  |/.A,  +  (2/.-/.):|i|  (11.) 


In  designing  a  beam  to  bear  a  given  bending  moment,  the  depth 
h'  and  area  A^  of  the  vertical  web  are  to  be  fixed  by  considerations 
of  practical  convenience,  when  equation  11  will  enable  the  area 
of  either  or  both  of  the  flanges  to  be  computed. 

Example. — Suppose  that  for  a  certain  sort  of  wrought  iron, 

/.  =  36,000  lbs.  on  the  square  inch 
/,  =  60,000    „        „        „        „ 

so  that  in  a  well-proportioned  section 

8:3:5  ::h:y^:y^ 

Then  in  a  T-shaped  section, 
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-^        84,000  K  A^ 
^0=  g  ^ 


.(12.) 


and  in  a  double  T-shaped  section 

5 
3 


Ai=  «  A3+  ^  Aj; 


Mo  =  ^'  1 60,000  A3  +  84,000  ^  \ 
=  ^' 1 36,000  Ai  +  12,000^}.* (13.) 


•rVBtfMrm 


teBM«M(il.iEf., 


Fig.  138. 


Fig.  189. 


165. 
299)  are  those  in  which 
the  dimensions  of  the 
cross-section  are  varied 
in  such  a  manner  that 
its  ultimate  moment  of 
resistance  bears  at  each 
point  of  the  beam  the 
same  proportion  to  the 
bending  moment  of  the 
load.  That  moment 
of  resistance,  for  fig- 
ures of  the  same  kind, 
being  proportional  to  the 
breadth  and  to  thesqnare 
of  the  depth,  can  be 
varied  either  by  varying  the  breadth,  the  depth,  or  botL     The  law 

o 


Fig.  142. 


Fig.  140. 


Fig.  141. 


Fig.  145. 


*  The  first  theoretical  solution  of  Cases  II.  and  IV.  was  contained  In  a  paper  by 
Mr.  Callcott  BdUy,  read  to  the  British  Association  at  Oxford  in  1860. 
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of  variation  depends  upon  the  mode  of  variation  of  the  moment  of 
flexure  of  the  beam  from  point  to  point,  and  this  depends  on  the 
distribution  of  the  load  and  of  the  8ui)porting  forces,  in  a  way 
which  has  been  exemplified  in  Articles  160  and  161.  When  the 
depth  of  the  beam  is  made  uniform,  and  the  breadth  varied,  the 
vertical  longitudinal  section  is  rectangular,  ^.nd  the  plan  is  of  a 
figure  depending  on  the  mode  of  variation  of  the  breadth.  When 
the  breadth  of  the  beam  is  made  uniform,  and  the  depth  varied, 
the  plan  is  rectangular,  and  the  vertical  longitudinal  section  is  of  a 
figure  depending  oh  the  mode  of  variation  of  the  depth.  The 
following  table  gives  examples  of  the  results  of  those  principles : — 


Mode  of  Loading 

proportional  to 

Depth  A  constant; 
Figure  of  Plan. 

Breadth  b  constant: 

Figaro  of  Vertical 

LongltadiBal  Section 

I.  (Fig8.  138,  139). 
FixedatA.loikl- 
ed  at  B, 

Dbtance  from  B. 

Triangle,  apex  at 
B,  fig.  138. 

Parabola,  vertex 
at  B,  fig.  139. 

«W    ■»•    V,    .......... 

11.  (Figs,  140,  141). 
Fixed  at  A,  uni- 
fomily  loaded,... 

Square  of  distance 
from  B« 

Pair  of  parabolas, 

each  other  at  B, 
fig.  140. 

Triangle,  apex  at 
B,  fig.  141. 

in.  (Figs.  142.  143). 
Supported  at  A 
and  B,  loaded  at 
0 

Distance  from 

adjacent 

point  of  support 

Pair  of  triangles, 

common  base  at 

C,  apices  at  A  and 

B,  fig.  142. 

Pair  of  parabolas, 

vertices  at  A  and 

B,  meeting  at  C, 

fig.  148. 

^» 

IV.  (Figs.  144,  145). 
Supported  at  A 
and  B,  uniformly 
loaded 

Product  of  dis- 
tances from  points 
of  support 

Pair  of  parabolas, 
vertices  at  C,  C, 
in  middle  of  beam; 
common  base  A 
B,  fig.  144. 

Ellipse  A  D  B, 
fig.  145. 

The  formulae  for  a  constant  depth  are  applicable,  approximately, 
to  the  breadths  of  the  flanges  of  the  T-shaped  and  double  T-shaped 
girdei-s,  described  in  Article  164.  In  applying  the  principles  of  this 
Article,  it  is  to  be  borne  in  mind,  that  the  shearing  force  has  not 
yet  been  taken  into  account;  and  that,  consequently,  the  figures 
described  in  the  above  table  require,  at  and  near  the  places  where 
they  taper  to  edges,  some  additional  material  to  enable  them  to 
withstand  that  force.      In  figs.    142  and   144,   such  additional 
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m&teml  \b  ^o^irti,  dispoeed.  in  tbe  form  of  projections  or  palms 
at  t^e  pointB  oi  sapport,  "wliicli  serve  both  to  resist  the  shearing 
force,  and  to  give  lateral  Bteadiness  to  the  beam&  As  to  the 
greatest  intensity  of  the  slieaxing  stress,  see  Article  1 68, 

}  66.  inL«4mlm  mt  B«pt«r«  m€  Cut  Ewmm  m^mmm.  {A .  Af.,  297.)— Mr. 
William  Henry  Barlow,  in  a  paper  read  to  the  Royal  Society  (see 
PhU.  Trana.,  1855),  showed  that  the  modulus  of  rupture  of  cast  iron 
beams  has  various  values,  ranging  ^m  the  mere  direct  tenacity  of 
the  iron  up  to  about  two-and-a-quarter  times  that  tenacity,  according 
to  the  figure  of  the  cross-section  of  the  beam.  This  was  proved  by 
experiments  on  beams,  which  were,  in  some  cases,  of  a  solid  rect- 
angular section,  and  in  other  cases,  of  an  open  work  rectangular 
section.  So  far  as  those  experiments  went,  they  were  in  accordance 
with  the  following  empiricid  formula : — 

/=/o+/-?;  (1.) 

where y is  the  modulus  of  rupture  of  the  beam  in  question;  /q,  the 
direct  tenacity  of  the  iron  of  which  it  is  made ;  /*,  a  co-efl5cient 

XT 

determined  empirically;  and  j-,  the  ratio  which  the  depth  of  solid 

fnetal  H  in  the  cross-section  of  the  beam  bears  to  the  total  depth  of 
section  h.  The  following  were  the  values  of  the  constants  for  the 
cast  iron  experimented  on: — 

Direct  tenacity,  f^-  18,750  lbs.  per  square  inch; ) 

/  =  23,000  lbs.  per  square  inch;  V (2.) 

=  l^/o  nearly.  j 

Mr.  Barlow  afterwards  made  further  experiments  on  cast  iron 
beams  of  various  forms  of  section,  and  also  experiments  on  wrought 
iron  beams,  showing,  though  not  so  conclusively,  variations  in  the 
modulus  of  rupture  of  wrought  iron  analogous  to  those  which  have 
been  proved  to  exist  in  the  case  of  cast  iron. 

167.  AUvwaace  Ar  Weight  mf  Bcaw— Umlttn*  licngth  •f  B«ui. 
(A.  if.,  314,  315.) — ^When  a  beam  is  of  great  span,  its  own  weight 
may  b^  a  proportion  to  the  load  which  it  has  to  carry,  sufficiently 
great  to  require  to  be  taken  into  account  in  determining  the  dimen- 
sions of  the  beam.  The  following  is  the  process  to  be  performed 
for  that  purpose,  when  the  load  is  uniformly  distributed,  and  the 
beam  of  uniform  cross-section.  Let  W  be  the  external  working 
load,  8^  its  factor  of  safety,  s^  a  &ctor  of  safety  suited  to  a  steady 
load,  like  the  weight  of  the  beam. 

Let  b'  denote  the  breadth  of  any  part  of  the  beam,  as  computed 
by  considering  the  external  hreakiaig  load  alone,  8^  W\     CJompute 
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the  weight  of  the  beam  from  that  provisional  breadth,  and  let  it  be 

8  W 
denoted  by  B'.     Then  —^, j.'  is  the  proportion  in  which  the 

gross  breaking  load  excels  the  external  part  of  that  load.  Conse- 
quently, if  for  the  provisional  breadth  h'  there  be  substituted  the 
exact  breadth, 

>=   ^>^' (1.) 

the  beam  will  now  be  strong  enough  to  bear  both  the  proposed 
external  load  W,  and  its  own  weight,  which  will  now  be 

^  =  «iW'-*,B- ^^'^ 

and  the  true  gross  breaking  load  will  be 

^='x^^'*«=ir4^ <»•> 

As  the  factor  of  safety  for  a  steady  load  is  in  general  one-half  of 
that  for  a  moving  load,  s^  may  be  made  =  2^2;  ^  which  case  the 
preceding  formula  become 

^^SW^K' (^"> 

B-  ^^^'  •  ^5^ 

2i?  W'2 
"  2  W'-B" ^    ' 

In  all  these  formulsa,  both  the  external  load  and  the  weight 
of  the  beam  are  treated  as  if  imiformly  distributed — a  supposition 
which  is  sometimes  exact,  and  always  sufficiently  near  the  tinith  for 
the  purposes  of  the  present  Article. 

The  gross  load  of  beams  of  similar  figures  and  proportions,  vary- 
ing as  tiie  breadth  and  square  of  the  depth  directly,  and  inversely 
as  the  length,  is  proportional  to  the  square  of  a  given  linear 
dimension.  The  weights  of  such  beams  are  proportional  to  the 
cubes  of  corresponding  linear  dimensions.  Hence  the  weight 
increases  at  a  faster  rate  than  the  gross  load;  and  for  each  parti- 
cular figure  of  a  beam  of  a  given  material  and  proportion  of  its 
dimensions,  there  must  be  a  certain  size  at  which  the  beam  will 
bear  its  own  weight  only,  without  any  additional  load. 
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To  reduce  this  to  calcolatioB,  let  the  uniformly  distributed  gross 
breakiiig  load  of  a  beam  of  a  given  figure  be  expressed  as  foUows : — 


W  =  s,  W'  +  *,B=?-5VA^. (7) 


I 

I,  hj  and  A  being  the  length,  depth,  and  sectional  area  of  the  beam, 
/the  modulus  of  rupture,  and  n  a  fieu^r  depending  on  the  form  of 
cross-section.     The  weight  of  the  beam  will  be  expressed  by 

B  =  A;w'?A; (8.) 

ad  being  the  weight  of  an  unit  of  volume  of  the  material,  and  k  a 
&ctor  depending  on  the  figure  of  the  beam.  Then  the  ratio  of  the 
weight  of  the  beam  multiplied  by  its  proper  fiictor  of  safety  to  the 
gross  breaking  load  is 

W  '  Snfh' ^'^ 

which  increases  in  the  simple  ratio  of  the  length,  if  the  proportion 
l-T-his  fixed  When  this  is  the  case,  the  length  L  of  a  beam,  whose 
weight  (treated  as  uniformly  distributed)  is  its  working  load,  is 
given  by  the  condition  ^^  B  =  W ;  that  is, 

"■''^f <!»•) 

This  limiting  length  having  once  been  determined  for  a  given  class 
of  beams,  may  be  used  to  compute  the  ratios  of  the  gross  breaking 
load,  weight  of  the  beam,  and  external  working  load  to  each  other, 
for  a  beam  of  the  given  class,  and  of  any  smaller  length,  ^,  according 
to  the  following  proportional  equation : — 

L  :-  :— :  :  W  :B  :  Wj (11.) 

In  all  the  following  examples^  the  fiu;tors  of  safety  employed  arc 

ExAXPLE  I. — Let  the  beams  in  question  be  plain  rectangukbr  cast 
vronheama,  so  that»=r^,  k^l,  v/  =  0'257  lb.  per  cubic  inch;  let 

/=  40,000  lbs.  per  square  inch;  and  let  t  =  tk*    Th«n 

L  =  4,612inches  =  384  feet  nearly; (12.) 

also,  I  being  expressed  in  inches — 

4,612:|:^^^::W:B:W' (13.) 
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Example  II. — Oast  iron  beam  of  uniform  single  T-shaped  section 
of  equal  strength  (as  in  Article  164^  Case  I.,  p.  257). 

^8=2^''*'  A  =  2  AjandA^rrg  A. 

^^^    S    "^        24        ■"      120       '  •  •  ^  -        lol       ' 
As  before,  B  =  0-257/ A; 

Let /.=  80,000  Iba  on  the  square  inch;   -  =  -.  « ;  then 

«2  B  __  Z  in  inches        , 
W  -  ~~6;456  ~'  ^""^       V (14.) 


J 


L  =  6,456  inches  =  538  feet; 
also, 

6,456  =  1  :??^^^:W:B:W'. (15.) 

Example  III. — Cast  iron  beam  of  uniform  double  T-shaped 
section  of  equal  strength  (as  in  Article  164,  Case  II.,  p.  257). 

A3  =  2-  Ag  +  4  A^ ;  .  *.  A  =  2  Aj  +  5  Aj. 
M„=^=/.A'(2>,  +  A,)i.-.W=/-^(|A,+  8A,). 

In  order  to  obtain  a  definite  result,  some  proportion  must  be 
assumed  between  the  area  of  the  upper  flange  A^  and  that  of  the 
vertical  web  Aj.  For  the  sake  of  illustration,  let  A^  =  A^  -j-  2 ; 
which  proportion  is  not  unusual  in  practice.     Then 

A  =  5  Aj  =  10  Aj  =  y-  A3;  and 

I       \15  ^  5>/  ""  15        I     ' 
As  before,  B  =  0-257  I  A.     Let  /•  =  80,000  lb.  on  the  square 

inch;  7^  =  :=-^:  then 
I       15 

«2  B  __  Hn  inches         ,  "J  * 

"W""~8,762~'  ^"^  \ (16.) 


L  =  8,762  inches  =  730  feet  nearly 


■s 
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also, 

8,762:i:M^|=i::W:B:W'. (17.) 

Example  IV.— Wrought  iron  beam  of  uniform  single  T-shaped 
section  of  equal  strength  (as  in  Article  164,  Case  III.,  p.  258). 

14  3 

^1  =  3  Ag;  .-.  A  =  -  Aj  and  Ag  =  j  A^ 

'^^'~  8  ■"      .^0      —      In    y   -  yy  — — ^j — • 


8    ■"        30        -"        40      ^  •■  "^  -       51' 
5 
18 


In  this  case,  B  =  0-277  ^  A  =  .^^  ^  A 


I^  /» =  60,000  lbs.  on  the  square  inch ;  -^-  =  ^^ ;  then 
«2  B  _  Z  in  inches         , 


W-      6,720      '**"''  I (18.) 


L  =  6,720  inches  =  560  feet  nearly 
aliio, 


6,720j:^J-=i::W:B:W (19.) 


Example  V. — Wrought  iron  beam  of  uniform  double  T-shaped 
section  of  equal  strength  (aa  in  Article  164,  Case  IV.,  p.  258). 

Ai  =-g  Aj  +  g  Ajj.-.Arir^-  A2+  g  A3; 

In  order  to  obtain  a  definite  result,  let  A3  =  A^ ;  which  pro- 
portion is  not  unusual  in  practice.     Then  A  =  4  Ag;  and 

_/.A'A/7        \_37/.A'A 
^  - "7~  Vi5  +  V  -T5-  -T- 

As  before,  let  B  =  ^  ?  A;/»  =  60,000;  j  =  ^5  then 


«2  B I  ill  inches 


Cn->  ^^^ 


W  —     11,840    '  """  i (20.) 

L-lyJ 


L  =  11,840  inches  =  987  feet  neai-ly; 
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also, 

^.i:H^?^^::W:B:W 


11,840:  g:^^^^^i|^^ — i::W:B:W (21.) 


168.  DUlHbMl«i  mt  «Mwta«  8IM.  ta  Beuu.  {A.  M.,  309.W- 
It  has  already  been  shown  in  Article  160,  Division  IL,  how  to  nnd 
the  greatest  amount  of  the  shearing  action  of  the  load  at  a  given 
cross-section  of  a  beam.  Let  F  denote  that  amount^  A  the  area  of 
the  cross-section  at  which  it  acts;  then 

F 

Mecm  irUenaUy  of  shearing  stress  =r  -j- (1.) 

The  dUstribtUian  of  that  stress  over  the  cross-section  is  such  that 
it8  inimsity  is  greatest  at  the  neutral  aocisy  and  gradually  diminishes 
towards  tiie  upper  and  lower  sur&ces  of  the  beam,  where  it 
vanishes.  That  greatest  intensity  is  found  by  the  following  pro- 
cess:— Conceive,  as  in  fig.  136,  Article  162,  p.  250,  the  cross- 
section  to  be  divided  into  thin  horizontal  layers,  such  as  C;  let  i? 
be  the  breadth  of  any  layer,  d  y  its  depth,  y  its  distance  from  the 
neutral  axis;  also  let  Zq  be  the  breadth  of  the  cross-section  at  the 
neutral  axis;  I  the  '^ moment  of  inertia^*  of  the  cross-section,  as 
defined  in  Article  162,  p.  252;  y^  the  distance  from  the  neutral 
axis  to  eWier  the  nipper  or  the  under  surface  of  the  beam;  q^  the 
required  greatest  intensity  of  the  shearing  stress.     Then 


^o  =  ^^I':y^<'y- (2) 


The  symbol  I  ^  denotes  that  the  integi'ation  or  summation  of 

the  products  yzdyoi  the  area  of  each  layer  into  its  distance  from 
the  neutral  axis,  is  to  extend  from  the  neutral  axis  to  either  the 
upper  or  the  lower  surface  of  the  beam,  that  integration  being 
thus  performed  for  one  only  of  the  two  parts  into  which  the 
neutral  axis  divides  the  cross-section.  It  is  a  matter  of  convenience 
only  which  of  those  parts  is  chosen,  as  the  same  result  is  arrived  at 
in  either  casa 

The  maximum  intensity  of  the  shearing  stress  at  the  given 
cross-section  exceeds  the  mean  intensity  in  the  following  pro- 
jwrtion : — 

'-^=hf:''''-' <^> 

a  ratio  depending  solely  on  the  figure  of  the  cross-section. 
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The  foUowing  table  gives  some  of  its  yalues : — 
FiouBE  OF  Cross-section. 


L  Rectangle,  ^0= 6,   

IL  Ellipse  and  Circle, 

III.  Hollow  Rectangle — 

This    includes   I-ahaped 
sections, 


3  {hh-h'hr^'ihJfi^h'h!^ 
2-     (6-6') -(6^8-6' A'8)    • 

3/,       hK 


IV.  HoUow  square,  A«-A'2, IO"*";/A'^)' 

4 

V.  VI.  Hollow  ellipse  and  hollow  circle;  the  niimerical  factor^; 

the  sTmbolical  factor,  the  same  as  for  the  hollow  rectangle 
and  hoUow  square  respectively. 

Vn.  Single  T-shaped  section;  flange  A^;)  3     4  A  A^  +  A' 
web  Aj;  Ai  +  A5  =  A, ]  ^'A^{^  A^^A^' 

VIIL  Double  T-shaped  section;  flanges  Ap  A3;  web  A^; 

Ai  +  A^+'A3  =  A, 

A(24A3tA3  +  12AiA^+12AgA3)  +  3A; 
A^(24  Ai  A3  +  8  Ai^  +  8  A/A3  +  2  AJ) 

When  Aj  and  Aj,  in  Case  VIIL,  are  large  compared  with  Ag, 
—that  is  to  say,  when  a  beam  consists  of  strong  upper  and  lower 
flanges  or  horizontal  bars,  connected  by  a  thin  vertical  web,  the 
shearing  force  may  be  treated  as  if  it  were  entirely  borne  by  the 
vertical  web,  and  uniformly  distributed 

The  smallest  cross-section  of  a  beam  is  generally  flxed  by  reasons  of 
convenience,  independent  of  the  shearing  force  to  which  it  is  exposed, 
and  is  generally  much  greater  than  is  necessary  in  order  to  bear  that 
force.  But  when  it  is  practicable  to  adapt  the  least  cross-section  of 
^e  beam  accurately  to  the  shearing  force,  the  preceding  formulae 
^d  table  furnish  the  means  of  doing  so,  by  making 

?o=f (4) 

Here/'  is  the  modulus  of  rupture  by  shearing,  and  a  a  &ctor  of 
^ety.    This  equation  gives  for  the  least  sectional  area, 
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in  which  formula,  ^q  A  ^  F  is  to  be  found  by  means  of  equation  3, 
or  of  the  preceding  table  of  examples. 

169.  p«flectiM«rB«i«i«.  {A.  M.,  300  to  304.)— By  the  term 
"Deflection"  when  not  otherwise  specified,  is  understood  the  greatest 
displctcement  of  any  point  of  a  loaded  beam  from  its  position  when 
the  beam  is  unloaded.  Three  cases  may  be  distinguished, — that  of 
Deflection  under  any  loadyth&t  of  Proof  Defledion,  or  deflection  under 
the  greatest  load  which  does  not  impair  the  strength  of  the  beam, 
and  that  of  UUimaie  Deflection,  or  deflection^  immediately  before 
breaking.  When  the  load  does  not  exceed  the  proof  load,  the 
deflection  of  a  given  beam,  under  a  load  distributed  in  a  given 
manner,  Ls  very  nearly  proportional  to  the  load :  when  the  proof 
load  is  exceeded,  the  deflection  increases  in  general  faster  than  the 
load,  and  in  an  irregular  manner,  so  that  the  ultimate  deflection  is 
not  capable  of  exact  computation.  The  remainder  of  this  Article 
will  therefore  relate  to  deflections  under  loads  not  exceeding  the 
proof  load. 

The  determination  of  the  deflection  of  a  beam  under  a  transverse 
load  is  a  process  which  consists  of  three  steps,  by  which  are  found 
successively,  the  curvature  at  any  cross-section,  the  slope  at  any 
cross-section,  and  the  deflection. 

Step  I. — To  find  the  ctirvature  at  a  given  cross-section, — divide 
the  bending  moment  at  that  cross-section  (as  found  in  Article  160, 
Division  III.,  p.  242)  by  the  "moment  of  inertia"  of  that  section 
(as  found  in  Article  162,  p.  252),  and  by  the  modulus  of  direct 
elasticity  of  the  material  The  result  is  the  curvature, — ^that  is, 
the  reciprocal  of  the  radius  of  curvature  of  a  longitudinal  line  in  the 
beam,  which  was  straight  when  the  beam  was  unloaded.  Denote 
that  radius  by  r,  and  the  other  quantities  by  the  symbols  already 
employed;  then 

1=^ (1.) 

The  positive  or  negative  sign  of  this  expression  will  show  whether 
the  curvature  is  concave  upwards  or  downwards. 

When  the  beam  is  under  its  proof  load,  and  the  given  cross-section 
is  thcU  of  grecUest  stress,  let  Mq  denote  the  bending  moment  of  that 
section,  and  Iq  the  moment  of  inertia;  then,  as  has  been  shown  iu 
Article  162^  equations  2  A,  3,  4,  and  5,  we  have 
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(where/'  is  the  mocbdvs  of  proof  strengtfi,  or,  for  most  materials, 
from  one-half  to  one-third  of  the  modulus  of  rupture,  see  Article 
143,  p.  222);  so  that,  in  the  case  now  considered,  equation  1  becomes 

1  =  ^  =  -/-=.Z„ (2) 

(m'  having  the  meaning  explained  in  Article  162,  p.  252). 

This  formula  gives  the  shc^rpest  ctbrvature  which  the  beam  can 
bear  without  injury;  and  as  /'  -f-  E  is  the  proof  strain  of  the 
material,  that  curvature  depends  on  the  proof  strain,  the  depth  h, 
and  the  form  of  section  only. 

When  the  dimensions  are  all  given  in  inches,  the  bending 
moment  in  inch-pounds,  and  the  moduli  of  proof  strength  and 
elasticity  in  pounds  on  the  square  inch,  the  radius  of  curvature  will 
be  computed  in  inches. 

The  denominator  E I  in  equation  1,  expresses  the  transrjerse  stiff- 
ness or  resistance  of  the  heamrh  to  bending  at  any  given  cross-section ; 
and  as  I  may  be  expressed  in  the  form  n'  b  h^  (Article  162,  equation 
3,  p.  252),  tiie  resistances  of  similar  cross-sections  of  beams  of  the 
same  material  are  to  each  other  as  their  breadths,  and  as  the  cubes 
of  their  depths;  and  consequently, — 

Ths  curvatures  ofbeamis  of  the  saane  material  at  sections  of  simihr 
figures,  under  equal  bendiog  moments,  ore  inversely  as  their  breadths, 
and  inversely  as  the  cubes  of  their  depths. 

Equation  2  also  shows  that, — 

The  curvatures  of  beams  of  the  swm/e  material,  at  sections  ofsimUa/r 
figures,  under  their  respective  proof  bending  moments,  <vre  inversely 
as  their  depths  simply. 

In  the  case  of  a  cross-section  of  eqwd  strength  (such  as  those 
dociibed  in  Article  164),  equation  2  maybe  put  in  the  following 
form : — let  f^  and  f^  be  the  moduli  of  proof  resistance  to  cross- 
breaking  by  compression  and  by  tearing  respectively;  then 


;:  =  F,T— v2A.) 


EA 

The  curved  form  assumed  by  an  originally  straight  longitudinal 
line  in  a  beam  might  be  drawn  approximately  by  the  aid  of  equa- 
tion 1,  were  it  not  that  the  great  lengdis  of  the  radii  of  curvature, 
and  the  smaUness  of  the  ordinates  of  the  curve,  in  all  cases  which 
occur  in  practice,  render  it  neither  practicable  nor  useful  to  draw 
the  figure  of  that  curve  in  its  natural  proportions.  But  the 
following  process,  invented,  so  far  as  I  am  aware,  by  Mr.  C.  IL 
Wild,  enables  a  diagram  to  be  drawn,  which  represents,  with  a  near 
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approach  to  accuracy,   that  curve,    wt^  ito  vertical  dimensions 
exaggerated,  so  as  to  show  conspicuouslj  the  slopes  and  ordinates. 

Compute,  by  equation  1,  the  radii  of  curvature  for  a  aeries  of 
equi-distant  points  in  the  beanL  Diminish  all  those  radii  in  any 
proportion  which  may  be  convenient,  and  draw  a  curve  composed 
of  small  circular  arcs  with  the  diminished  radii.  Then  in  the  same 
ratio  that  the  radii,  as  compared  with  the  horizontal  scale  of  the 
drawing,  are  diminished,  will  the  vertical  scale  of  the  drawing, 
according  to  which  the  ordinates  are  shown,  be  exaggerated. 


g.  147. 

Step  IL — ^To  find  the  dope,  or  inclination  of  an  originally 
straight  longitudinal  line  in  a  beam  to  its  original  position.  The 
solution  of  this  problem  depends  on  the  principle,  that  the  difference 
of  slope  at  ttoo  points  in  that  line,  is  the  product  of  the  distance 
between  those  points  into  the  mean  curvature  of  the  portion  of  the  line 
between  t^iem.  That  is  to  say,  in  symbols,  let  d  x  denote  the  length 
of  a  portion  of  the  line,  1  -&-  r  its  mean  curvature,  d  i  the  dif- 
erenoe  of  slope  at  the  two  ends  of  that  portion;  then 

di  =  ^-^. (3.) 

Let  to  be  the  slope  of  the  beam  at  the  point  taken  as  the  origin 
of  co-ordinates ;  i,  the  slope  at  a  point  whose  distance  from  that 
origin  is  a! ;  conceive  the  distance  iC'  to  be  divided  into  an  indefinite 
number  of  small  parts,  the  length  of  each  being  d  x\  compute  by 
equation  1  the  curvature  of  each  of  those  parts,  and  by  equation  3 
the  successive  differences  of  slope;  sum  or  integrate  those  results, 
and  the  final  result  will  be  the  whole  difference  between  the  slopes 
at  the  origin  and  at  the  point  a/;  that  is  to  say, 

dx 


'    iT  d  X  ... 


When  the  beam  is  supported  and  loaded  in  such  a  way  that  it  is 
known  to  have  n>o  dope  at  a  certain  point,  that  point  should  be 
taken  as  the  origin.  This  occurs  in  two  cases;  that  of  a  beam 
fixed  at  one  end  and  loaded  on  the  projecting  portion  (fig,  147), 
which  has  no  slope  at  the  fixed  end  A;  and  tbat  of  a  beaiti  sup- 
ported at  both  ends  and  symmetiically  loaded  (half  shown  in  fig. 
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U6)^  which  has  no  slope  at  the  middle  point  A.  In  these  cases, 
let  the  tangent  A  X  C  at  the  point  of  no  slope  be  taken  as  the 
axis  of  abscisssB^  along  which  a/  is  to  be  measured;  then 

t„  =  0;andt=/''^. (5.) 

These  are  the  most  common  cases  in  practica  In  other  cases, 
the  slope  Iq  at  the  origin  must  remain  indeterminate  until  the 
thir^  step  of  the  solution  is  performed. 

The  following  principles  are  the  consequences  of  equation  3,  when 
applied  to  eimilar  beams  of  the  same  material,  under  loads  similarly 
digtrilmled: — 

The  slopes  at  corresponding  points  a/re  as  the  lengths  amd  cu/rva- 
tures;  and  therefore^ 

Under  equal  loads,  the  slopes  at  corresponding  poirUs  a/re  directly 
(u  the  lengths,  and  inversely  as  th£  breadths  and  cubes  of  the  depths; 

Under  the  proof  loads,  the  dopes  at  corresponding  points  are 
directly  as  the  lengths,  and  inversely  as  the  depths. 

The  following  formulie  express  Uieae  principles,  as  applied  to  the 
finding  of  the  steepest  slope  in  a  given  beam,  which  is  in  general  at 
the  point  most  distant  finom  the  point  of  no  slope;  for  example,  at 
D,  in  figs.  146  and  147. 

Under  a  gioen  load  W; 

steepest  slope  t'j  =Eto^6A«^ ^^*^ 

Under  the  proof  load, 

steepest  slope  i^  =  g-^; (7.) 

And  in  sections  of  equal  strength, 

*i-  E^  ^^^-^ 

For  beams  fixed  at  one  end,  c=zl;  for  beams  supported  at  both 
ends,  c=zl  ^2. 

m'  and  »'  are  the  fiustors  already  explained  in  Article  162, 
equations  3  and  4,  p.  252,  and  of  which  ipalues  have  been  given  in 
the  table,  p.  254. 

fn"  and  m'"  are  factors  depending  on  the  distribution  of  the  load, 
the  mode  of  support,  and  the  longitudinal  section  of  the  beam. 
Examples  of  their  values  will  be  given  in  a  taUe  further  on.  They 
hear  the  following  relations  to  each  other : — 

in  beams  fixed  at  one  end  m'"  ^=imm";  )       .^^ 

in  beams  supported  at  both  ends  m"'=  2  Tnm";/""^  "* 
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m  being  the  factor  already  explained  in  Article  161,  equation  1, 
p.  247,  and  of  which  values  have  been  given  in  the  tables  of  ppi 
245  and  2i(y. 

Step  III. — ^To  find  the  Deflection.  By  this  term  is  to  be  under- 
stood the  tiepresaion  of  the  loivest  paint  bdow  the  highest  pohU  of  an 
originally  straight  horizontal  longitudinal  line  in  the  beam. 

Let  d  xhe  the  distance  between  two  points  in  that  line,  i  the 
mean  slope  of  the  line  between  them,  and  d  v  their  difference  of 
level;  then 

dv:=idx. (9.) 

Assume  any  convenient  point  in  the  line  in  question  as  the 
origin  of  co-ordinates ;  let  x'  be  the  distance  of  another  point  from 
it;  conceive  that  distance  to  be  divided  into  an  indefinite  number 
of  small  parts,  the  length  of  each  being  d  x ;  compute,  by  the  second 
step  of  the  process,  the  slope  of  each  of  those  divisions,  and  by 
equation  9,  the  successive  differences  of  elevation  of  their  ends; 
the  sum  or  integral  of  those  results  will  be  the  elevation  or  depres- 
sion of  the  point  od  relatively  to  the  origin,  according  as  it  is  positive 
or  negative;  that  is  to  say, 

v=i  f'  idx. (10.) 

J  0 

This  equation  finally  determines  the  figure  assumed  by  an 
originally  straight  longitudinal  line  in  the  b«a.m. 

In  the  two  cases  represented  by  figs.  146  and  147 — that  is,  when 
the  beam  is  symmetrically  loaded,  or  fixed  at  one  end — the  most 
convenient  point  for  the  origin  is  still  the  point  of  no  slope  A,  and 
the  deflection  sought  is  the  difference  of  elevation  between  that 
point  and  the  furthest  point  D,  whose  distance  from  it  is,  in  a 
symmetrically  loaded  beam,  the  half-span,  1-^-2,  and  in  a  beam 
fixed  at  one  end,  the  length  of  the  projecting  part,  L  Hence, 
denoting  the  deflection  by  v^, 


In  a  symmetrically  loaded 
in  a  beam  fixed  at  one  end 


beam,  v,  r^ffidx;  ( 


In  other  cases,  the  most  convenient  point  for  the  origin  of  co- 
ordinates is  in  general  one  of  the  points  of  support;  the  fixity  of 
the  other  point  of  support,  for  which  v  =  0,  will  give  an  equation 
from  which  i^  in  equation  4  may  be  foimd,  and  the  positions  of  the 
most  elevated  and  depressed  points  are  to  be  found  by  the. con- 
dition that  for  them  the  slope  t  =  0.  Examples  of  such  problems 
will  be  given  in  the  sequel 
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The  foUowing  principles  are  the  oonsequenoes  of  equation  9, 
▼hen  applied  to  similar  beams  of  the  same  maierial,  under  hods 
svimhrly  diOributed: — 

Under  eqnal  loads,  the  deflections  are  dvreetly  as  the  squares  of  the 
lengths^  and  iwifersdy  as  the  breadths  and  cubes  of  the  dqjths. 

Under  the  proof  loads,  tJte  deflections  are  directly  as  the  squares  of 
the  lengths,  and  inversdy  as  the  depths. 

The  foUowing  formulse  express  these  principles : — 

Deflection  under  a  given  load  W, 
Proof  Deflection, 


1— Ew'A" 


r,  = 


.(13.) 


And  ia  sections  of  equal  strength, 


,  _»"(/.+/»)c  .,,    . 

'i= Wk ("^) 


"^^ Wh 

For  beams  fixed  at  one  end,  c  =  Z;  for  beams  supported  at  both 
ends,  c  =  Z  -f.  2. 

mi  and  n'  are  the  &ctors  already  explained  in  Article  162, 
equations  3  and  4,  p.  %^2y  and  of  which  values  have  been  given  in 
the  table,  p.  254. 

n"  and  n"*  are  £EU^rs  depending  on  the  distribution  of  the  load, 
the  mode  of  support,  and  the  longitudinal  section  of  the  beam. 
They  bear  the  following  relations  to  each  other  : — 


in  beams  fixed  at  one  end,  »"'  r=  w»  ?i";  | 

in  beams  supported  at  both  ends,  iC*  :=.  2  mn"  f  '"^    '' 

The  following  tables  give  examples  of  the  values  of  the  fiictors  in 
equations  6^  7>  7  A^  12^  13^  and  13  A : — 
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y^,^  Proof  Load.  Any  Load. 

^^  Factora  for  Faeton  ftir 

Slope.    Deflection.  Slope.    Deflection. 

A.  Unifoem  Cboss-Sbctiok.         w"         »"  wT         nr 


I.  ConstantMomentof  Flex-  \  ^  ^ 

ure, J  2 

IL  Fixed  at  one  end,  loaded  )  1             1  1             1 

atother, J  2  3  2  3 

IIL  Fixed  at  one  end,  nni-  \  \            \  \            \ 

formly  loaded, j  3  4  6  8 

IV.  Supported  at  both  ends, )  1             1  1             1 

loaded  in  middle, j  2  3  4  6 

V.  Supported  at  both  ends, )  ?           A  _            ^ 

uniformly  loaded, /  3  12 6  48 

R  Unifobm  Strength  aito  Uni- 
form Depth.  (See  Article 
165,  pp.  259,  260.) 

(The  curvature  of  these  is  uniform). 

YI.  Fixed  at  one  end,  loaded )  ^             1  ,.             1 

atother, j  2  2 

VIL  Fixed  at  one  end,  uni- )  j            1  1            1 

formly  loaded, j  ' 2  2  4 

VIIL  Supported  at  both  ends, )  j             1  1             1 

loaded  in  middle, j  2  2  4 

IX.  Supported  at  both  ends, )  ^             1  1             1 

uniformly  loaded, /  ^  2  4  8 


C.  Uniform  Strength  and  Uni- 
form Breadth.  (See  Article 
165,  pp.  259,  260.) 

X.  Fixed  at  one  end,  loaded )  o            2  «            2 

atother, /  3 3 

XI.  Fixed  at  one  end,  uni- )  .  o  ..         1  •  15   -x          1 

formly  loaded,.... ^"^^      ^  "^*«        2 

XII.  Supported  at  both  ends, )  «            2  ,             1 

loaded  in  middle, j  3  '"'•"       ' 3 


'^"-  ^"SSyloS^S,!"'^}  1-5708  0-5708  0-3927  0-U27 
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The  inalnes  of  m"  and  n*  for  beams  of  uniform  strength,  as  given  in 
the  above  table,  are  greater  than  those  which  occur  in  practice, 
because,  in  computing  the  table,  no  account  has  been  taken  of  the 
additional  material  which  is  placed  at  the  ends  of  such  beams,  in 
order  to  give  sufficient  resistance  to  shearing  (see  p.  267). 

The  error  thus  arising  applies  chiefly  to  m",  the  fiEustor  for  the 
maximum  slope.  For  the  fiictor  for  the  deflection,  n",  the  eixor  is 
incouBiderable,  as  experiment  has  shown. 

170.  The  PM^Mtlmi  mi  ihm  Onwtnt  I»«pdl  •£  m  Witrnm  tm  Ike  Spaa 
{A,  M,y  302,)  is  so  regulated,  that  the  proportion  of  the  greatest 
deflection  to  the  span  shall  not  exceed  a  limit  which  experience  has 
shown  to  be  consistent  with  convenience.  That  proportion,  from 
various  examples,  appears  to  be — 

V  11 
For  the  working  load,  ^  =from  ^^g  to  j-g^. 

V  11 
For  the  proof  load,  •••  -^  =  from  ^^r^  to  ^^. 

The  determination  of  the  proportion,  Aq  -r-  Z,  of  the  greatest  depth  of 
the  beam  to  the  span,  so  as  to  give  the  required  sti&ess,  is  effected 
\sj  the  aid  of  equation  13  of  Article  169,  p.  273,  from  which  we 
obtain 

7""2E#»\""4E«»'li^ 
consequently  the  required  ratio  is  given  by  the  equation 

an  expression  consisting  of  three  factors :  a  factor,  n"  h-  4  m',  depend- 
ing on  the  distribution  of  the  load  and  the  figure  of  the  beain ;  a 
factor,  I  -^  Vi,  being  the  prescribed  ratio  of  the  span  to  the  deflection ; 
and  a  &ctor,  y  ^  E,  being  the  proof  strain,  or  the  vxyrhing  strain,  of 
the  material,  as  the  case  may  be.  When  the  cross-section  is  one  of 
equal  strength,  as  in  Article  164,  equation  1  may  be  put  in  the 
following  form : — 

T^       4Eri       ^   ' 

Example  I. — Let  the  beam  be  under  its  working  load,  uniformly 
distributed,  on  a  beam  of  uniform  section,  alike  above  and  below. 

Then  n"  =z^,m'=^'    Let  -  =  1,000  be  the  prescribed  ratio  of 
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the  span  to  the  working  deflection.  Let  the  mateiial  be  wiought 
iron,  for  which  »  ^^^  is  a  safe  value  for  the  working  strain  -^.     Then 

I  "24 '3,000 ^72 ""144^ 

which  is  very  nearly  the  average  proportion  of  depth  to  span 
adopted  for  wrought  iron  girders  in  practice. 

Example  IL — ^Let  the  beam  still  be  under  its  working  load, 
uniformly  distributed ;  let  the  cross-section  be  of  equal  strength, 
and  let  t^e  longitudinal  section  be  one  of  uniform  strength  cund  uni- 
form depth,  (See  Article  165,  Case  IV.,  p.  260.)  In  this  case,  »"  =  ^. 

Let  ^  -f.  Vj  be  still  =  1,000.  The  material  being  wrought  iron,  and 
the  fector  of  safety  about  6,  let/'.  =  6,000;  /^  =  10,000;  and  let 
E  =  29,000,000.     Then 

Ap_l    16,000  X  1,000  _    1 
^""8*    29,000,000    ~14-5^ 

being  nearly  the  same  as  in  the  preceding  example. 

Example  III. — As  in  Example  II. ,  let  the  beam  be  under  its 
working  load,  uniformly  distributed;  let  the  cross-section  be  of 
equal  strength,  and  the  longitudinal  section  of  uniform  strength 

and  uniform  depth.     Then  v^"  =  o*     Let  the  material  be  cast  iron; 

let  the  factor  of  safety  be  6,  and  let  /.  =  13,333,  /»  =  3,333, 
E  =  16,666,000.  The  following  are  the  proportions  of  greatest 
depth  to  length  for  two  different  values  of  the  proportion  of  the 
greatest  deflection  to  the  length : — 

forl  =  600,^.jl.3 

fori-  =  800.^=4. 

171.  Smrauurf  •£  Ae  Pycc—  •£  Dnrismtag  m  BcaM. — ^In  design- 
ing a  beam  of  a  given  material,  and  of  a  given  span,  to  support  a 
given  load,  distributed  in  a  given  way,  the  process  to  be  followed 
may  be  thus  summed  up : — 

I.  Decide  to  what  class  of  figures  the  cross-section  shall  belong; 
for  example,  whether  it  is  to  be  rectangular,  similar  above  and 
below,  T-shaped,  double  T-shaped,  of  equal  strength,  and  so  forth 
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(aee  Article  164,  ppi  256  to  259);  abo,  of  wlutt  kind  the  longitudinal 
section  is  to  be:  as  to  which,  see  Article  165,  pp.  259  to  261. 

n.  Deteimine  the  greatest  depth,  by  the  considerations  men- 
tioned in  Article  170,  p.  275. 

1^  in.  Find  the  shearing  force  and  bending  moment  at  a  sufficient 
number  of  cross-sections,  and  the  greatest  shearing  force  and 
bending  moment,  as  in  Articles  160,  161,  pp.  239  to  249. 

rV.  Multiply  the  greatest  bending  moment  by  a  proper  factor  of 
safety;  which,  for  a  travelling  or  otherwise  moying  load,  will,  in 
gen^,  be  gix.  This  gives  the  breaking  moment  for  rupture  by 
erofls-breakiog.  In  like  manner,  the  greatest  shearing  force,  multi- 
plied by  a  proper  &.ctor  of  safety,  gives  the  ultimate  resistance  to 
shearing  at  the  section  where  the  shearing  force  is  greatest 

y.  Determine  provisionally  the  product  of  the  extreme  breadth 
and  square  of  the  depth  at  the  section  of  greatest  bending  moment, 
bj  dividing  that  moment  (Mq)  by  the  modulus  of  rupture  of  the 
material  (/),  and  by  the  proper  factor  (n).  (See  Article  162,  equa- 
tion 5,  p.  252;  also  the  table  of  the  values  of  n,  p.  254.)  That  is  to 
aay,  inake 

6'A«  =  ^^ (1.) 

nj  ^   ' 

Divide  this  by  the  square  of  the  depth,  already  found :  the  result 
will  be  the  jmrnmanal  extreme  breadth,  b\ 

In  some  cases,  such  as  those  of  T-shaped  and  double  T-shaped 
sections  of  equal  strength,  the  above  process  may  not  be  convenient; 
and  then  the  pravietmial  eectUmal  areas  of  the  different  parts  of  the 
beam  are  to  be  deduced  from  the  required  moment  of  resistance 
M^  and  the  already  fixed  depth  A,  by  the  aid  of  equations  1,  2,  3, 
4,  or  5,  of  Article  163,  pp.  255,  256,  or  of  the  formulse  of  Article 
164,  pp.  256  to  259. 

YL  From  the  extreme  depth  and  the  extreme  breadth,  or  sec- 
tional area  (as  the  case  may  be),  at  the  section  of  greatest  bending 
moment,  find  all  the  other  required  transverse  dmiensions  of  the 
beam. 

YIL  Thence  compute  its  weights  If  this  is  a  small  fraction  of 
the  external  load,  the  results  alratdy  obtained  are  sufficient. 

Yni.  But  if  the  weight  of  the  beam  forms  a  considerable  part 
of  the  load,  the  results  abready  obtained  are  provisional  only,  and 
the  breadths  (and  therefore  the  sectional  areas)  are  to  be  increased 
everywhere  in  the  proportion  given  by  Article  167,  equation  1,  p. 
262.  The  weight  of  l^e  beam  also  will  be  increased  in  the  same 
proportion. 

By  means  of  equation  2  of  the  same  Article,  p.  262,  the  ratio  of 
the  weight  of  the  beam  to  the  external  load  may  be  found  approxi- 
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mately  so  soon  as  the  extreme  depth,  and  the  diameter  of  the  cross 
and  longitudinal  sections  have  been  fixed;  and  then  the  breaking 
load  may  be  found  approximately  by  equation  3  of  the  same 
Article,  and  used  in  computing  the  required  ultimate  resistance  to 
cross-breaking  and  to  shearing;  whence  the  true  breadths  and  areas 
of  the  beam  may  be  found  at  once.  But  when  this  method  is 
followed,  the  exact  weight  of  the  beam  should  afterwards  be  com- 
puted from  the  dimensions,  to  test  whether  the  approximate  value 
is  sufficiently  near  the  truth. 

IX.  The  method  of  Article  168,  pp.  266  to  268,  may,  if  necee- 
saiy,  be  employed  to  test  whether  the  cross-section  at  the  points  of 
greatest  shearing  force  is  sufficient  to  resist  that  forca 

172.  8«4dMil7^«qpplled  T^Mid— Swllllr«»llliiS  K<m4.    {A.  M,,  306.) 

— A  suddenly-applied  transverse  load,  like  the  suddenly-applied 
pull  of  Article  149,  p.  227,  produces  at  first  double  the  maxinium 
stress,  and  double  the  strain,  which  the  application  of  a  load 
gradually  increasing  from  nothing  to  the  amount  of  the  given  load 
would  produce. 

The  action  of  the  rolling  load  to  which  a  railway  bridge  is  sub- 
jected is  intermediate,  in  those  cases  which  occur  in  practice,  between 
that  of  an  absolutely  sudden  load  and  a  perfectly  gradual  load.  It 
has  been  investigated  mathematically  by  Mr.  Stokes,  and  experi- 
mentally by  Captain  Galton,  and  the  results  are  given  in  the  Beport 
of  the  Commissioners  on  the  Application  of  Iron  to  Bailway 
Structures. 

The  additional  strain  arising,  whether  from  the  sudden  application 
or  swift  motion  of  the  load,  is  sufficiently  provided  for  in  practice 
by  the  method  already  so  frequently  referred  to,  of  making  the 
factor  of  safety  for  the  travelling  part  of  the  load  about  double  of 
the  &ctor  of  E»fety  for  the  fixed  part. 

173.  The  Beailleace  w  Sprtins  •f  a  Beam  (A,  M.,  S05,)  is  the 
tcork  performed  in  bending  it  to  the  proof  deflectioti ; — ^in  other  words, 
the  energy  of  the  grecUest  shock  wluch  the  beam  can  bear  without 
injury;  such  energy  being  expressed  by  the  product  of  a  weight 
into  the  height  from  which  it  must  fall  to  produce  the  shock  in 
question.  This,  if  the  load  is  concentrated  at  or  near  one  point,  is 
the  product  of  half  the  proof  load  into  the  proof  deflection;  that  is 
to  say,  let  W  be  the  proof  load;  then  the  resilience  is 

^ (1.) 

If  the  load  is  distributed,  the  length  of  the  beam  is  to  be  divided 
into  a  number  of  small  elements,  and  half  the  proof  load  on  each 
element  multiplied  by  the  distance  through  which  that  element  is 
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moved  during  the  proof  deflection  of  the  beam.    Let  u  be  that  dis- 
tance; then  for  beams  fixed  at  one  end, 

and  for  beams  supported  at  both  endsy     - (2.) 

Let  <^  a;  be  the  length  of  an  element  of  the  beam;  w  the  intensity 
of  the  load  on  it,  per  unit  of  length;  then  the  resilienoe  is 


Ih 


to'dx (3.) 


The  cases  in  which  the  determination  of  resilienoe  is  most  nsefbl 
in  practice  are  those  in  which  the  load  is  applied  at  one  point. 

Let  the  beam  be  fixed  at  one  end  and  loaded  at  the  other,  e 
being  the  length  of  its  projecting  part     Then 

Re^tence=.-^^^r'-^'cbh (4.) 

This  exinneBsion  consists  of  three  ftctors,  viz. : — 

(1.)  The  volome  of  the  prism  circomscribed  about  the  beam, 
chk 

(2.)  A  Modulvs  ofRmLienoe/-^y  of  the  kind  already  mentioned 

in  Article  149,  p.  227. 

(3.)  A  numerical  flEu^r,^ — >;  in  which  n  and  ml  (see  p.  252) 

depend  on  the  form  of  cross-section  of  the  beam,  and  n"  (see  p. 
273),  on  the  form  of  longitudinal  section  and  of  plan.  The  foUow- 
ing  are  values  of  this  compound  factor  for  a  reotanguUvr  eross^ 

Mion^  for  which  »=^>  ''^^  2'  *^*^  therefore  ^ — 1=  g-*. — 


6 
L  Unifonn breadth  and  depth, ^^ 

U.  Uniform  strength,  uniform  depth,  ;n)- 

IIL  Uniform  strength,  uniform  breadth,   -. 
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If  a  beam  be  supported  at  both  ends  and  loaded  in  the  middle, 
its  length  being  ^  =  2  c,  its  proof  deflection  is  the  same  with  that  of 
a  beam  of  the  same  transverse  dimensions  and  of  the  length  c, 
fixed  at  one  end  and  loaded  at  the  other;  and  its  proof  load  is 
double  of  that  of  the  latter  beam;  therefore,  its  resilience  is  double 
of  that  of  the  latter  beam.  Consequently,  for  rectangular  beams  of 
the  half  span  c,  supported  at  both  ends  and  loaded  in  the  middle, 
we  have  the  following  values  for  the  numerical  factor  of  the 
resilience : — 

n' 
6' 

IV.  Uniform  breadth  and  depth, ^ 

y.  Uniform  strength,  uniform  depth,    ^• 

2 
VI.  Uniform  strength,  uniform  breadth, :      ^• 


174.  Bfl*eet  •f  Twlaciiv  •>  a  Beam.  {A.  M,,  320  to  325.)--A 
full  account  of  the  theory  of  resistance  to  twisting  and  wrenching 
would  be  out  of  place  in  the  present  treatise,  as  engineering 
structures  are  never  subjected  to  any  considerable  strain  of  that 
kind.  For  the  solution  of  such  questions  as  commonly  occur  in 
practice  respecting  such  structures,  the  following  principles  are 
sufficient : — 

I.  The  M&menJb  of  Torsion  or  Twisting  MomerU  of  a  load,  means 
the  moment  of  the  pair  of  equal  and  opposite  couples,  which,  being 
applied  at  different  points  in  the  lengUi  of  a  bar,  tend  to  tvnst  the 
intermediate  portion,  and,  if  great  enough,  to  break  it  by  wrenching. 

IL  The  UUimate  Moment  of  Resistauruse  of  a  bar  to  wrenching 
ranges  from  about  once  and  a-half  to  twice  its  Moment  of  Be- 
sistance  to  cross-breaking. 

III.  Suppose  that  the  resultant  load  on  a  beam,  W,  and  the 
supporting  pressures,  act  in  a  plane  which,  instead  of  coinciding 
with  the  middle  longitudinal  vertical  section  of  the  beam,  lies  to 
one  side  of  that  section,  and  parallel  to  it,  at  the  distance  L. 
Then  besides  the  bending  moment  on  each  cross-section  of  the  beam 
(M),  found  as  in  Article  160,  there  is  a  Tioisting  Moment  whose 
value  is, 

T  =  PiL. (1.) 

P^  being  the  greatest  supporting  pressure. 

In  finding  the  Moment  of  Resistance  (M,^)  required  to  give  the 
beam  sufficient  strength,  the  following  formula  is  near  enough  to 
the  truth  for  practical  purposes : — 
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M,=y/{^  +  T-}+f. W^'-- 

and  the  dimensioiLs  of  the  beam  are  to  be  computed  as  if  this 
quantitj,  instead  of  M,  were  the  bending  moment  of  the  load. 

175.  The  KzpwnlMi  •■«  Cmmnmmtum  of  long  beams  (A.  M.,  309), 
▼hich  arise  from  the  changes  of  atmospheric  temperaturey  are 
Qsoallj  provided  for  bj  supporting  one  end  of  each  b^un  on  rollers 
of  steel  or  hardened  cast  iron.  The  following  table  shows  the  pro- 
portion in  which  the  length  of  a  bar  of  certain  materials  is 
increased  hj  an  elevation  of  temperature  from  the  melting  point 
of  ice  (32^  Fahr.,  or  0''  Centigrade)  to  the  boiling  point  of  water 
under  the  mean  atmospheric  pressure  (212^  Fahr.,  or  100""  Centi- 
grade); that  is,  by  an  elevation  of  180°  Fahr.,  or  100°  Centigrade  :— 

Metaub. 

Brass, -ooai6 

Bronze, '00181 

Copper, '00184 

Gold, '0015 

Cast  iron, 'ooiii 

Wrought  iron  and  steel, '00114  to -00125 

Lead, '0029 

Platinum, '0009 

Silver, '002 

Tin, *ooa  to  -0025 

Zinc,  ••• '00294 

Eartht  Materials. 

(The  expansibilities  of  stone  from  the  experiments  of  Mr.  Adie.) 

Brick,  common, *oo3S5 

„      fire, *ooo5 

Cement, '0014 

Glass,  average  of  different  kinds, -0009 

Granite, *ooo8  to  -0009 

Marble, -00065  to  -ooii 

Sandstone, -0009  to  *ooi2 

Slate, -00104 

Timber. 

(Expansion  along  the  grain,  when  dry,  according  to  Mr.  Joule, 
Proceed,  Bay.  Soc.,  Nov.  5,  1857.) 

Baywood, -000461  to  -000566 

Deal, '000428  to  -000438 
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Mr.  Joule  found  that  moistnire  tfiiminigliflR,  imT^i^ltt^  and  even 
reirenes,  the  expansibility  of  timber  by  heat^  and  liiat  tension 
increases  it. 

176.  ]l«ui  Flmdi  ac  B«tk  Bate  {A,  M,,  307.>--The  particular 
problems  respecting  beams,  which  have  been  solved  in  the  preced- 
ing Articles,  have  fdl  reference  to  cases  in  which  the  beam  is  either 
firmly  fixed  at  one  end  and  loaded  on  the  projecting  portion,  or 
simply  supported  at  the  two  ends  and  loaded  between  them,  and  in 
which,  consequently,  the  determination  of  the  shearing  force  and  bend- 
ing moment  at  each  point,  and  of  the  curvature,  slope,  and  deflection, 
are  simple  and  direct  processes,  proceeding  step  by  step  from  the 
determination  of  one  quantity  to  that  of  another.  In  this  and  the 
following  Articles,  problems  will  be  considered  in  which  the  shear- 

c  c  ^°S  ^'^'^^  ^'^^  bending  moment 

_^ ^;^     I     "!     depend,  to  a  greater  or  less  ex- 

"^B  tent,  on  the  curvature,  slope, 
I  I  and  deflection;  and  in  which, 
^*  ^^'  consequently,    the    algebraical 

process  of  elimination  is  often  required,  two  or  more  unknown 
quantities  having  to  be  determined  at  once  by  solving  an  equal 
number  of  equations  at  the  same  time. 

A  beam  is  Jisced,  as  weU  as  supported  at  both  ends,  when  a  pair 
of  equal  and  opposite  couples  are  made  to  act  on  the  vertical 
sectional  planes  at  its  points  of  support,  of  magnitude  sufficient  to 
maintain  its  longitudinal  axis  horizontal  there,  and  so  to  diminiBh 
the  deflection,  slope,  and  curvature  of  its  middle  portion.  This  is 
generaUy  accomplished  by  Tn«.kmg  the  beam  form  part  of  one 
continuous  girder  with  several  points  of  support,  or  by  making  it 
project  on  either  side  beyond  its  points  of  support,  and  so  fastening 
or  loading  the  projecting  portions,  that  their  loads,  or  the  resistance 
of  their  fastenings,  shall  give  the  required  pair  of  couples. 

In  ^g,  148,  let  0  B  A  B  0  represent  a  beam  supported  at  the 
points,  C,  C,  loaded  along  its  intervening  portion,  and  so  fixed  or 
loaded  beyond  these  points,  that  at  them  its  longitudinal  axis  is 
horizontal,  instead  of  having  the  slope  i\f  which  it  would  have 
if  the  beam  were  simply  supported  at  C,  C,  and  not  fixed.  At  each 
of  the  vertical  sections  above  the  points  of  support,  0,  C,  there  is 
an  uniformly-varying  horizontal  stress,  being  a  pull  above  and  a 
thrust  below  the  neutral  axis;  and  the  moment  of  that  pair  of 
stresses  is  that  of  the  pair  of  equal  and  opposite  couples  which 
maintain  the  beam  horizontal  at  the  points  of  support  It  is  re- 
quired to  find, — ^in  the  first  place,  that  resisting  moment  at  the 
vertical  planes  of  support  (from  which  the  stress  on  the  material 
there  may  at  once  be  found);  and  secondly,  the  effect  of  that 
moment  on  the  curvature^  slope^  deflection,  and  strength  of  the  beam. 
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The  general  method  of  solution  of  this  question  is  as  follows : — 
Compute,  by  equation  5  of  Article  169,  p.  271,  t'p  the  slope  which 
the  neutral  sur&ce  of  the  beam  would  have  at  the  points,  C,  C, 
if  it  were  simply  supported  there,  and  not  fixed  Then,  by  the 
expression  Elt'i-^c,  find  the  umform  moment  of  flexure,  which 
if  it  acted  on  tne  beam  in  such  a  manner  as  to  make  it  become 
couTox  upwards,  would  produce  a  slope  at  the  points,  C,  C,  eqtud 
mid  eontrckry  to  t'^.  This  will  be  the  required  moment  of  re- 
sistanoe  at  the  vertical  sections  C,  C.  It  will  afterwards  appear 
that  this  is  the  greatest  moment  of  resistance  in  the  beam;  so  that 
by  putting  it  instead  of  Mq  in  the  formulie  of  Articles  162,  163, 
and  164,  pp.  251  to  259,  the  conditions  of  strength  of  the  beam 
are  determined  Denote  this  moment  by  —  M^,  the  negative  siffn 
denoting  that  it  tends  to  produce  convexity  upwards,  while  the 
load  on  the  beam  tends  to  produce  convexity  downwards. 

Let  M  be  what  the  moment  of  flexure  at  any  point  of  the  beam 
would  6^  if  it  were  simply  supported  at  C,  C.  Then  the  actual 
moment  of  flexure  is 

and  by  substituting  this  for  M  in  the  equations  of  Article  169,  pp. 
268  to  273,  the  curvature,  slope,  and  deflection,  with  the  proof  load, 
or  with  any  load,  are  found 

Where  M  is  the  greater,  as  at  A,  the  beam  is  convex  down- 
wards. Where  M  ia  the  less,  as  at  C,  the  beam  is  convex  up- 
wards. There  are  a  pair  of  points,  B,  B,  at  which  M  ^  M^,  so 
that  the  moment  of  flexure,  and  consequently  the  curvature,  vanish, 
and  the  beam  is  subjected  to  a  shearing  force  alone;  these  are 
called  the  points  of  contrary  Jlexure;  and  they  divide  the  middle 
part  of  the  beam,  which  is  convex  downwards,  from  the  two  end- 
most  parts,  which  are  convex  upwarda 

EzAMPUB  L — Syrmn^ruxU  load  on  a  beam  of  uniform  sediony  in 
general.  By  Article  169,  equation  6,  p.  271,  obs^ing  that  I  = 
2  c,  we  have 

,       2m''m  Wc8 

And  by  the  table  in  the  same  Article,  p.  274,  Case  I. 

^       E I  t'l      n'-Elhlfii\ 
^i  =  — c~=         ~c         ' 

=  2  m"  m  Wc  =  m"  •  m  W  ^  = !»"  •  M<>, «(1.) 
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Mq  being  what  the  bending  moment  at  A  would  heme  been^  had  the 
beam  been  simply  supported. 

The  values  of  m"  are  given  in  Article  169,  p.  274. 

Let  M'q  be  the  actual  bending  moment  at  A.     Then 

M'o  =  (1  -  m")  Mo (2.) 

The  greatest  moment  of  flexure  must  be  either  at  A  or  C,  or  at 
both,  if  the  moments  of  these  sections  be  equal  and  opposite.     But 

for  beams  of  uniform  section,  m"  is  never  ^^ter  than  •=;  there- 
fore the  greatest  moment  of  flexure  is  at  C,  or  both  at  C  and  A, 
and  never  at  A  alone. 

The  ultimate  streTiffth  or  greatest  moment  of  resistance  of  the 
beam  is  expressed  by  the  following  formula,  obtained  by  putting  M^ 
instead  of  i»  W  Z,  in  equation  6  of  Article  162,  p.  253 : — 

Ml  =  m"  i»  W  Z  =  nfb  h^; (3.) 

W  being  the  breaking  load,  and /the  modulus  of  rupture. 

Hence  it  appears,  that  by  fixing  the  ends  of  an  uniform  beam  so 
that  they  shall  be  horizontal,  Us  strength  is  increased  in  the  ratio 
l:m\ 

The  deflection  is  found  by  subtracting  that  due  to  the  uniform 
moment  M^,  from  that  which  the  load  would  produce  if  the  beam 
were  simply  supported  at  C  and  C. 

The  result  is  as  follows : — 

/n"       1\    Ml  c2       /    „       m'\  Mo  c2        , .  , 

For  values  of  n"  see  the  table  already  referred  to,  p.  274.  From 
the  last  of  those  expressions,  it  appears  that  by  fixing  the  ends 
horizontal,  an  uniform  beam  is  made  stifler  under  a  given  load 
in  the  ratio 


»■<„•-=> 


If  in  the  first  expression  for  the  deflection,  M.  be  considered  to 
represent  the  moment  of  resistance  corresponding  to  the  proof 
or  limiting  safe  stress  at  the  section  C,  we  may  make  M^  -5-  I  =/' 
^  m'  h;  so  as  to  obtain  the  following  expression  for  the  d^ection 
under  the  proof  load:-- 

^k- <«•) 


BEAK  FIXED  AT  EMBB. 
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being  len  than  the  proof  deflection  <^  a  beam  simply  supported,  aa 
giyen  hj  equation  13,  Article  169,  p.  273,  in  the  lutio 


C-D-- 


The  points  of  oontraiy  flexure  are  to  be  found  in  each  particular 
Que  by  solving  the  equation 


M  —  Ml  =  0., 


.(6.) 


Examples  IL  and  IIL  are  particular  cases  of  the  general  problem 
in  Example  L 
ExAHFLB  IL — Uniform  tectum,  loaded  in  tAe  middle. 


m=^;m  r=^;n  =g,; 


M'„  =  M,  =  ^Mo  =  |w?  =  ^Wc  =  n/6A«; 


1.   /f 
6  £  mV 


,<^.(n'      1\  1 


..(7.) 


The  points  of  contraty  flexure  are  midway  between  A  and  C. 
Euxpis  III. — Uniform  eeetion,  vmformhf  loaded. 


W=su>l  =  2ew 


M'o=iM,  =  jMo=iw^; 


24 


»i  = 


-  I     /^.  ^^ 


8'E) 


.'A' W~2/'^**  -10- 


.(8.) 


The  points  of  contraiy  flexure  are  each  at  the  following  distance 
&om  A,  the  middle  point  of  the  beam : — 


nA3 


=  0-577  c  =  0-289  I; (9.) 


Example  IY. — Umfarm  strength,  wiAform  depth,  uniform  had. 
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In  ihifl  case  the  uniformity  of  stxength  is  attained  bymakingihe 

breadth  at  each  point  pro- 
portional to  the  moment 
of  flexure,  as  shown  in  the 
plan,  fig.  149,  preserving, 
at  the  points  of  contrary 
^-  ^^^'  flexure  B,  B,  a  sufficient 

thickness  only  to  resiBt  the  shearing  force. 

The  curvature  of  the  beion  is  uniform  in  amount,  changing  in 
direction  only  at  the  points  of  contrary  flexure.  Therefore,  in  fig. 
148,  G  B  and  B  A,  at  each  side  of  the'beam,  are  two  arcs  of  circles 
of  equal  radii,  horizontal  at  A  and  C,  and  touching  each  other  at 
B;  therefore  those  arcs  are  of  equal  length;  therefore  each  point 
of  contrary  flexure  B  is  midway  between  the  middle  of  the  beam  A 
and  the  point  of  support  0. 

It  is  evident  also,  that  the  proof  deflection  of  the  beam  must  be 
double  of  that  of  an  uniformly  curved  beam  of  half  the  span,  sup- 
ported at  the  ends  without  being  fixed;  that  is  to  say,  one-half  of 
that  of  an  uniformly  curved  beam  of  the  same  span,  supported  but 
not  fixed;  or  symbolically 


_1      /c8 


.(10.) 


The  actual  moment  of  flexure  at  A  must  be  the  same  as  in  an 
uniformly  loaded  beam,  with  the  same  intensity  of  load  to  ^  W  -^ 
2  c,  supported,  but  not  fixed  at  B,  B ;  that  is  to  say. 


^,      Wc     Wl     Mo 
^^=16  ="32"=T- 


.(11.) 


and  therefore,  the  moment  of  flexure  at  C  is 
nfbi  *«  =  M,  =  Mo  -  M'o=  -J^  = 


3Wc      SWl 


16 


32 


;(12.) 


h^  being  the  breadth  of  the  beam  at  C,  which  is  three  times  the 
breadth  Iq  at  A. 

The  breadth  6,  at  any  other  point,  whose  distance  from  A  is 
X,  is  given  by  the  equation  .  \'   - 


--J  (■-*!« '.=('-*^'. 


..(13.) 


In  using  this  equation,  the  positive  or  negative  sign  of  the  result 
merely  indicates  the  direction  of  the  curvature. 
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According  to  tlus  equation,  the  figure  of  the  beam  in  plan  (fig. 
149)  consistB  of  two  parabolas,  having  their  vertices  at  A,  and 
intenecting  each  other  in  the  points  of  oontnuy  flexure,  B,  B,  for 

vhich  a;  a=  db  7^. 


177.  JL  B«B»  Fixed  at  0mt  Sad  aad  ■■pyrted  at  WmA  {A.  M., 

308)  is  sensibly  in  the  same  condition  with  the  part  C  B  A  B  of 
the  beam  in  ^.  148,  extending  firom  one  of  the  fixed  points  C  to 
the/arther  point  of  contraiy  flexure,  which  now  represents  a  point 
supported,  hut  notjiaoed.  Hence  if  a  continuous  girder  be  supported 
on  a  series  of  piers,  the  span  of  each  of  the  endmost  bays  should  be 
to  the  span  of  each  intermediate  bay  in  the  ratio  c+Xq  :  2  c,  where  x^ 
is  the  dutanoe  AB  from  the  lowest  point  to  a  pointofcontiury  flexure. 

178.  Bmum  tmp9K§tmaj  flz««  at  the  Bad«-OMliaB««B  Oilmen. 
—The  continuity  of  a  girder  over  the  piers  which  support  it  is  not 
sufficient  to  fix  it  horizontal  at  the  points  of  support,  unless  all  the 
spans  are  alike  loaded  Hence  the  full  strengthening  and  stiffening 
effect  of  such  continuity,  as  investigated  in  Article  176,  is  to  be 
reckoned  upon  as  regards  thefieed  part  of  the  had  only,  and  not  as 
regards  the  travelling  part 

In  determining  the  moment  of  resistance  required  in  the  parts  of 
such  a  girder  which  are  directly  over  the  piers,  the  whole  girder  is  to 
be  supposed  loaded  with  the  travelling  load  as  well  as  the  fixed  load, 
and  tiie  method  of  Article  176  applied  in  order  to  find  M^  (p.  283). 

But  the  same  method  will  not  in  this  case  give  a  sufficiently 
great  value  to  M'(^  the  moment  of  resistance  required  at  the  middle 
of  each  span;  for  the  greatest  bending  moment  at  that  point  is 
produced  when  one  span  is  loaded  with  the  travelling  load  as  well 
as  the  fixed  load,  and  the  adjoining  spans  loaded  with  the  fixed 
load  only. 

Greater  or  less  precision  may  be  used  in  finding  M'q  according  to 
circumstancea  The  following  approximate  method  errs  on  the  safe 
side,  and  is  the  best  to  employ  when  the  fixed  load  is  light  com- 
pered with  the  traveUing  load. 

Method  I. — Calculate  that  part  of  M  q  which  arises  from  the 
fixed  load  as  for  a  girder  fixed  horizontal  at  the  ends  (Article  176, 
equation  2,  p.  284),  and  that  part  which  arises  from  llie  travelling 
load  as  for  a  girder  merely  supported  at  the  ends,  but  not  fixed. 
(Article  161,  Case  YL,  p.  246).  In  other  words,  compute  the 
bending  moment  which  would  be  produced  by  the  entire  load, 
fixed  and  travelliog,  on  a  beam  merely  supported  at  the  ends,  and 
subtract  from  the  result  the  already  computed  moment  of  flexure 
M|at  the  points  of  support,  due  to  the  fixed  load  alone. 

That  is  to  say,  in  symbols,  let  to  be  the  intensity  of  the  fixed 
load,  in  lb&  on  the  lineal  f oot^  and  ti/  that  of  the  travelling  load ;  then 
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M-. 


'o=^^^i^-M, (1.) 


~s 


For  example,  for  a  beam  of  uniform  aeOion,  uniformly  loaded. 


.(3.) 


To  find  the  deflection,  calculate  that  produced  hj  the  total  load 
in  a  beam  merely  supported  at  the  ends,  and  subtract  that  due  to 
the  uniform  moment  M^. 

That  process  gives  tne  foUowing  result,  for  an  uniform  beam 
under  a  given  load,  c  s=  ^  ^  2  as  usual,  being  the  half  span : — 

,/,  =  («  +  6«02J-eT <*•> 

and  supposing,  as  is  usually  the  case,  that  M  ^  is  equal  to  or  greater 
than  Mj  (that  is,  if  i(/  is  equal  to  or  greater  than  ii?  -s.  3),  so  that 
the  greatest  stress  is  in  the  middle,  the  proof  deflection  is 

^i""w  +  3u;''rEm'A ^    -^     . 

If,  on  the  other  hand^  M^  is  the  greater  (ii/  being  less  than  vo  -^  3), 

2w     "iEm^i"  


v,= 


.(5.) 


Method  II. — ^When  the  fixed  load  is  greater  than,  equal  to,  or 
not  much  less  than,  the  travelling  load  on  a  given  length  of  girder, 
the  following  method  may  be  used : — 

Let  fig.  150  represent  a  viaduct  of  several  spans,  consisting  of  a 
continuous  girder  resting  at  C,  C,  0^  <Sec.,  on  a  series  of  equidistant 


Fig.  160. 


piers.     The  endmost  span  G  £  is  smaller  than  the  rest;  the  prin- 
ciple upon  which  it  is  to  be  determined  will  be  afterwards  explained. 
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For  the  present,  the  bridge  is  to  be  conceived  to  consist  of  an 
indefinitely  long  series  of  equal  spans,  each  alternate  span  only  being 
nniformly  loaded  from  end  to  end  with  the  greatest  poaaible 
travelling  load. 

Let  to  be  the  intensity,  per  lineal  foot,  of  the  fixed  part  of  the 
load  j  tc/,  that  of  the  travelling  part;  so  that  to  +  u/  is  the  intensity 
of  the  load  on  the  more  heavily  loaded  spans,  A,  A,  ibc.,  and  to  that 
of  the  load  on  the  intermediate  spans,  D,  D,  dca 

Let  —  Mj  denote  the  yet  unknown  negative  moment  of  flexure  at 
the  pcnnts  of  support  over  the  piers,  C,  C,  C,  kc 

In  any  heavily  loaded  division,  let  horizontal  distances  denoted 
by  a;  be  measured  from  the  central  point  A. 

In  any  lightly  loaded  division,  let  distances  denoted  by  x'  1  e 
measured  from  the  central  point  D. 

Let  c=l  -^  2  denote  the  half-span  of  each  bay. 

Let  the  beam  be  supposed  of  uniform  section,  the  moment  of 
inertia  being  I,  and  the  depth  h,  as  before. 

Then  the  following  are  the  results  of  the  processes  in  Article 
169;— 


Li«h£l7  loaded  DItUod. 

HeeTBylMdedDiTiBion. 

Be&dmg  Moment  M= 
Slope t=  j  ^dx= 

The  condition  of  continuity  of  the  beam  above  the  points  of 
support  is,  that  for  a;= c,  and  a?  =  —  c,  the  slope  i  shall  be  the  same. 
This  gives  the  following  equation : — 


--q-  +  ^i^=  ^ Mjc; 


3 


whence  we  obtain  the  following  value  of  the  negative  moment  cf 
flexure  above  each  pier : — 

^     (2to  +  «/)c2    (2w  +  toV*  ,fix 

-^1  = 6  = 24        ^^^ 


Introducing  this  into  the  expressions  for  bending  moments,  and 

u 
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slope,  and  proceeding  with  the  processes  of  Article  169,  we  obtain 
the  following  results : — 


Bending  Moment  M= 

Slope  t = 

Deflection  9 at any*^  , 
point /  " 


Ugfatty  loaded  Divldoa. 


6     *^     2 
Ell    6     '^'^     6^/ 

24      > 


HeaTUy  loAded  Diyiikm. 


»  +  2i^  ,^«+w^  , 


1  /«+2«',       »+«^  j> 
J_  /»  +  8«'  4    19+2  •<r'    ^ 


The  foUowing  cajaes  of  these  equations  are  the  most  importaat  in 
practice: — 

Bending  MomerUs — 

At  the  centre  D  of  a  lightly  loaded  span, 


At  the  centre  A  of  a  heavily  loaded  span, 
^         6  24 


.(7.) 


The  greatest  momerU  of  flexure  will  be  either  Mq  at  A,  or-Mj  at 
C,  according  as  the  intensity  of  the  travelling  load  w\  or  that  of  the 
fixed  load  t^,  is  the  greater. 


CerUral  Deflexions  under  any  load — 


Of  a  lightly  loaded  division,  t/^  =  (mj  -  2  «/) 
Of  a  heavily  loaded  division,  r^  =  (t«;  +  3 1(/) 


24  El' 


24  £r 


\{^) 


If  wis  less  than  2t^,  the  first  of  these  becomes  an  efewa(u>»,beinir 
negative.  ^~«i 
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Cenind  D^exion  of  a  hkmty  loaded  Division  under  the 
Proof  Load — 
If  Wrp^to,  so  that  M^::?^— Mj,  ^  -     ' 


if  tt?::?^«/,  so  that  —  MjZI^^Mq; 


.(9.) 


The  oorresponding  deflections  of  a  lightly  loaded  division  are 

found  by  multiplying  these  expressions  by  —  -  —7. 

Points  of  no  cwroalu/re  occur  at  the  following  distances  from  the 
centre  of  each  division : — 


In  a  lightly  loaded  division,  at  a/=  ^i  c 


V     Zw  ' 


In  a  heavily  loaded  division,  at  as  =  rt:  c\/  -. ., 


^(10.) 


When  those  points  occur  in  pairs,  they  are  points  ofoomJbnvry  fleo&^ 
wre;  and  this  is  always  the  case  in  a  heavily  loaded  span;  but  in  a 
lightly  loaded  span,  i£vf  =  w,  there  is  but  one  point  of  no  curvature, 
which  is  at  the  middle  of  the  division,  and  is  not  a  point  of  con- 
traiy  flexure;  and  if  ti/^:^  to,  there  is  no  such  point  in  that  span. 

€  E  represents  a  division  of  the  girder,  at  the  end  of  the  viaduct, 
of  such  a  length  that  when  it  is  unsupported  at  E  its  weight  may 
be  at  least  sufficient  to  produce  the  proper  moment  of  flexure  —  M^ 
above  the  nearest  pier  U.  In  order  that  this  may  be  the  case,  its 
length  C  E  =  ^  should  be  at  least  sufficient  to  fulfil  the  following 
condition : — 

-2 Mi  =  — g— c«; 

and  consequently,  the  leeat  limit  of  that  length  is  given  by  the 
following  formula : — 

CE=Z'^cyI^ (11.) 

( ::^  means  "not  less  than,"  and  ^  *'not  greater  than.") 
The  division  C  E  should  not  extend  farther  from  C  than  the 
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farthest  point  of  contrary  flexure,  when  that  divisioa  has  the 
travelling  load  on  it ;  that  is  to  say,  the  greatest  limit  of  its  length  is 


<='-'MWw^) <'^' 

In  order  that  the  fdlfilment  of  these  conditions  may  be  possible, 
the  expression  (12)  must  not  be  less  than  the  expression  (11). 
When  the  end  £  of  the  girder  is  not  supported  by  the  action  of  the 
travelling  load,  it  rests  on  the  abutment  F. 

Throughout  the  whole  of  the  preceding  calculations  in  this 
Article,  it  is  to  be  understood  that  the  same  factor  of  sctfety  is  em- 
ployed both  for  the  fixed  and  the  traveUijig  parts  of  the  load.  If  it 
is  considered  advisable  that  the  factor  of  safety  for  the  ordinary 
working  travelling  load  should  be  double  that  for  the  fixed  load  (for 
example,  that  the  former  should  be  6,  while  the  latter  is  3);  then  w 
and  iP  are  to  be  held  to  represent  the  intensities  of  the  two  parts  of 
the  proof  load,  each  being  one-third  of  the  corresponding  portion 
of  the  load  which  would  break  the  beam  if  divided  in  the  same 
manner ;  so  that  Mq  or  —  M.,  as  the  case  may  be,  is  one-third  of 
the  breaking  moment  In  the  course  of  the  ordinary  traffic  upon 
the  bridge,  the  intensity  of  the  fixed  load  to  will  continue  the  same 
as  before,  while  that  of  the  greatest  travelling  load  will  be  reduced 
to  one-half  of  that  of  the  travelling  proof  load;  that  is  to  say, 
w-i-2. 

8l*plag  Memm  witk  mm  Abaonrat.— In  fig.  151, 
A  B  represents  a  straight  beam,  loaded  with 
weights,  and  having  an  abutment  at  A.  The 
supporting  pressures  at  A  and  B  are  to  be  found 
by  the  process  explained  in  Article  112,  Case 
III.,  p.  174. 

Biesolve  the  load  and  the  supporting  pressures 
respectively  into  components  parall^  and  per- 
pendicular to  the  beam,  or,  as  they  may  be  called, 
longitudinal  and  transverse  components.  The 
strain  on  the  beam  is  compounded  of  longi- 
tudinal compression,  produced  by  the  longitudinal  forces,  and  of 
l>ending,  produced  by  the  transverse  forces. 

For  example,  let  the  load  be  uniformly  distributed,  and  let  w  be 
its  intensity  in  lbs.  per  lineal  inch  of  the  span  Tneasured  Iwrizontally ; 
that  is  to  say,  if  I  denotes  the  length  of  the  sloping  beam  between 
the  points  of  support  A,  B,  i  its  angle  of  inclination,  and  W  the 
total  load,  the  value  of  that  intensity  is 


179. 


Fig.  161. 


w 


sW^/oosi (1.) 
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The  supporting  pressure  at  B  ia  horizontal ;  that  at  A  is  inclined 
at  the  angle  whose  tangent  is  2  tan  i;  and  their  values  are  re- 
spectively— 


AtB,  H  =  W-r.2tant 

At  A,  jm 


'-r-2tant> 

Zl:[  (2.) 


The  longitudinal  components  of  the  load  and  supporting  pressures 
are  as  follows: — 

Of  the  load,  —  Wsints— t^^costsint; 


Of  the  pressure  at  B :  —  H  cos  t  =  —  -s— 5 — — : 
^  2  smt 

Of  the  pressure  at  A;  Hcosi  +  Wsini 


.(3.) 


the  n^ative  signs  in  the  first  two  expressions  denoting  downward 
action.     The  transverse  components  are, — 


Oftheload, — Wcost=  — tt?/cos*t; 

Of  each  of  the  supporting  )  Woost 
pressures J       2 


..(4.) 


Let  A  denote  the  area  of  a  given  transverse  section  of  the  heam 
at  E,  whose  distance  from  B  is  denoted  by  s^.  Then  there  is  at 
that  section  a  longitudinal  thrust  whose  intensity,  found  by  dividing 
its  amount  by  the  area  A,  is  as  follows : — 

^"VTEST"*"'^*^*"^*)^^ ^^'^ 

The  bending  moment  M  at  the  same  cross-section  is  the  same  as 
in  a  beam  of  l^e  span  I,  loaded  with  tv  cos^  i  lbs.  on  the  lineal  inch 
measured  along  the  beam,  and  is  to  be  found  from  these  data  by 
the  formula  of  Article  161,  Case  YL,  p.  2^6,  or  by  the  method  of 
Article  176,  p.  282,  according  as  the  beiun  is  merely  fixed  in  position 
at  A  and  B,  or  fixed  in  direction  as  well  as  in  position. 

It  may  here  be  remarked  that  if  C  D  be  a  horizontal  beam  of  the 
span  I  cos  i  (being  the  horizontal  projection  of  the  span  of  A  B), 
loaded  with  the  same  uniformly  distributed  load  W  as  A  B,  and 
supported  or  fixed  at  the  ends  in  the  same  manner,  the  moment 
of  flexure  at  F,  the  cross-section  corresponding  to  E,  will  be  the 
same  as  at  K 

Let  I  be  "the  moment  of  inertia"  of  the  cross-section  at  E  (see 
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p.  252),  and  m'h  the  distance  from  the  neutral  axifi  to  the  concave 
side  of  the  beam.  Then  the  moment  of  flexure  M  produces  an 
additional  thrust  at  that  side  of  the  intensity, 

P'  =  ^. (6.) 

SO  that  the  greatest  intensity  of  thrust  at  that  cross-section,  and  the 
condition  that  it  shall  not  exceed  a  safe  limit  of  intensity  (/" )  aie 
expressed  as  follows : — 

1/+P'^ (7.) 

In  the  best  practical  examples,  the  beam  is  fixed  in  direction  at 
,  A  and  B ;  and  in  that  case,  the  greatest  moment  of  flexure,  and 
the  greatest  longitudinal  thrust,  both  occur  at  the  abutting  joint  A. 
The  value  of  the  bending  moment  being  taken  from  Article  176, 
equation  8,  p.  285,  the  greatest  intensity  of  thrust  is  found  to  be 

,      .     W  /  1        .A     W^cost  m'h       ,^     . 
^^^=2AU-t^^V^-T2— ^ <^^) 

In  designing  a  sloping  beam,  the  depth  h  may  be  fixed  in  the 
first  place,  as  in  Article  170,  p.  275.  The  kind  of  cross-section 
adopted  will  then  fix  the  ratios  m',  and  l^m'h^A,  I  and  A 
themselves  being  still  indetermmate.  Let  the  last  of  these  ratios  be 
denoted  by  y.   Then  equation  7Tnay  be  put  in  the  following  form : — 

,      .     W  a  /  1         .A     ^cost)  ^    , 

whence  is  deduced  the  following  formula  for  computing  the  re- 
quired sectional  area : — 

^=?{^fe*-Mi--^} w 

Table  of  Values  of  g  =  I-rm'A*  A  f  =^t-,  n  having  the  values 

given  in  Article  163,  p.  254  J. 

Form  of  Csoss-Sectign.  q- 

L  Rectangle,  ^. 

II.  Ellipse  and  Circle, h 

o 
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in.  HoUow  Rectangle,  A  =  6A- 6'^';] 

also  I-formed  section,  V  being  \\(i  J[!^  ^  (\  _^^'\ 
the  sum  of  the  breadths  of  r6V  ^W  V  hh)' 
the  lateral  hoUowsy J 

TL  Hollow  Square,  A=A«-A'« ^0+^)- 

^-  =•""  ^-^ 8  {'-'^  -  O-n)- 

YL  HoDow  Circle, g0"*"5)' 

VIL  T-formed  Section;  approximate  so- 
lution as  in  Article  163^  equation 
2,  p.  255,— 

<^««^-  -''^ w^'^^^vix^' 

TILL  Double  T-formed  section;  approxi- 
mate solution  as  in  Article  163, 
equation  4,  p.  256 
(Flanges  Ap  A.;  web  Aj;  the 
beam  supposed  to  give  way  bj 
crashing  the  flange  A^) 

Ag(A^  +  4  Ai  +  4  A8)+ 12  A^  A, 
6(A,-|.2A8)('Ai  +  A^-fA3)    ' 

XL  Double    T-formed    section,    alike )      1  A         4^Ai     \ 
above  and  below  (Aj  =  Aj); j      6  V      ^2  +  ^  JlJ' 

When  the  deflection  of  the  sloping  beam  A  B  is  compared  with 
that  of  the  horizontal  beam  C  D  of  equal  horizontal  span,  and 
under  the  same  load,  it  appears,  from  the  principle  of  Article  169, 
pi  273,  that  ^  those  heama  are  of  eqiud  and  similar  cross-sectUni, 
their  deflections  at  corresponding  points  being  as  the  cubes  of  the 
lengths,  and  as  the  loads  producing  deflection,  which  are  inversely 
as  the  lengths,  are  to  each  other  as  the  squares  of  the  lengths; 
that  is 

Deflection  of  A  B  :  deflection  of  C  D  : :  1  :  cos*  t (9.)    ^ 

Also,  the  verHeal  components  of  the  deflections  are  as  the  lengths 
aimplj,  or 

''^IrrrS."'}  =  ^^^^^  of  C  D  = :  l  =  ooe  i...(10.) 
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But  if  A  B  60  inereaaed  in  breadth,  as  compared  with  C  D  in  the 
ratio  of  1  :  oos  t,  or  sec  i  :  1,  ^  vertical  components  qfthdr  defleetiom 
wiU  be  eqfial.     This  principle  will  be  referred  to  in  the  next  article. 

179  a.  To  I»«dMce  tke  QrcMtMi  flomw  !■  m  Bcsm  Ikmm  Che  l^eflectlMk 

— This  is  done  hj  means  of  a  formula  deduced  from  equation  13 
of  Article  169,  d.  273,  as  follows:— 

Let  h  be  the  depth  of  the  beam  at  the  section  of  greatest  stress, 
and  m  h  the  distance  from  the  neutral  axis  of  that  section  to  that  • 
surfisM^  of  the  beam  at  which  the  greatest  stress  is  required;  m',  a 
factor  explained  in  Article  162,  p.  252,  depending  on  the  form  of 
cross-section : — 

c,  the  half-span  of  a  beam  supported  at  both  ends,  or  the  length 
of  the  loaded  part  of  a  beam  supported  at  one  end ; 

n",  the  fiictor  for  proof  deflection,  explained  and  exemplified  in 
Article  169,  pp.  273,  274; 

E,  the  modulus  of  elasticity  of  the  material ; 

V,  the  obserred  deflection; 
then  the  intensity  of  the  greatest  stress  is 

l^fn  hv  /.  % 

Pi  =  -^-^J- (M 


«-c«   

To  the  values  of  the  factor  n"  given  in  the  table,  p. 
added  the  following,  which  are  taken  from  Articles 
pp.  284,  285,  286,  288,  and  289. 


274,  may  he 
176  and  177, 


XIV. 


Oases. 
Beam  fixed  at  both  ends,  section  uniform, ) 
load  in  the  middle, J 

XY.  Beam  fixed  at  both  ends,  section  uniform, ) 
load  uniform, / 

XYI.  Beam  fixed  at  both  ends,  depth  uniform, ) 
load  uniform,  strength  uniform, J 

XVII.  Beam  imperfectly  fixed  at  both  ends,  section 
uniform,  load  uniform,  the  dead  load  w 
being  small  compared  with  the  rolling 
load  t^,  and  the  greatest  stress  in  the 

middle, • 

XVIIL  Beam  imperfectly  fixed  at  both  ends, 
section  uniform,  load  uniform,  the  dead 
load  w  being  considerable  compared 
with  the  rol^g  load  ti/,  the  lesser  of 
the  two  following  factors  (see  p.  291), 


Ftcton. 

1 

6' 
1 
8 
1 
4 

M?+5ttf' 

4u^+12W 

to  +  3n/ 

4«7  +  8fi/ 

w  +  Zvd 
8«?  +  4u/ 


180.   StMBglh  wmA  mammnam  •faa  Avchcd  Bib  viidcr  T«vtlc«l  IiMiH. 

-Fig.  152  represents  an  arched  rib,  springing  from  a  pair  of 
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ahutmentSy  and    supposed  to    be  under  a  vertical    load.      Let 

BACDB'    be    a  ^^  ^^  

curve      traversing   [  iT* 

the  centres  of  gra-  ^  flfe^^^^--^^^^^^r-^^^^ 

vityof all  tbe  cross-  yy^  ^^^  *  "  "^^^^^^^^^^^^^^\ 

sections  of  the  rib :        l/V'V^^^^  ^^"^^ 

this  may  be  called     f^/y^  ^^ 

the  nenUrdl  curve;     l_j  f  ^    | 

and  it    represents  \  T 

the  figure  of  a  "lin-  j^  j52 

ear  arch/'  or  inde- 

finitely  thin  rib,  whose  conditions  of  equilibrium  are  the  same 
with  those  of  the  actual  arch.  Those  conditions  have  been  ex- 
plained in  Article  123,  Csse  IL,  pp.  186, 187;  Article  124,  pp.  187, 
188;  Article  125,  pp.  188  to  191;  Article  128,  pp.  195  to  198; 
Articles  130,  131,  and  132,  pp.  199  to  203. 

When  a  vertical  load  is  distributed  over  the  arch,  agreeably  to 
the  conditions  of  equilibrium  of  the  neutnJ  curve,  each  particle  of 
the  arch  is  compressed,  in  a  direction  parallel  to  a  tangent  at  the 
nearest  point  of  the  neutral  curve ;  and  but  for  the  circumstance 
to  be  stated  presently,  that  compression  would  be  uniform  through- 
out each  cross-section  of  the  rib,  so  that  the  neutral  curve  would  be 
the  "  line  of  resistance." 

But  the  compression  depresses  the  whole  arch,  so  that  the 
neutral  curve  assumes  some  new  figure,  such  as  B  a  c  <2  B,  in 
which  its  curvature  at  each  point  d^ers  from  the  original  curva- 
ture; and  hence,  even  under  a  load  distributed  as  for  an  equili- 
brated or  linear  arch,  there  is  a  bending  action  combined  with  the 
direct  compression.  When  the  distribution  of  the  load  difiTers 
firom  that  suited  to  the  neutral  curve  as  a  linear  arch,  the  bending 
action  varies  in  its  amount  and  distribution. 

In  either  case  the  arch  acts  in  the  double  capacity  of  a  rib  under 
direct  compression,  and  a  beam  under  a  transverse  load ;  and  its 
strain  and  stress  at  each  point  are  the  resultants  of  the  strains  and 
stresses  arising  from  the  directly  compressive  action  of  the  load,  and 
from  its  bendmg  action. 

Pboblek  FiJbST.  General  Case. — ^In  solving  problems  which 
relate  to  this  subject,  it  is  in  general  most  convenient  to  measure 
co-ordinates  from  a  point 'such  as  O,  in  the  same  vertical  line  with 
one  end,  B,  of  the  neutral  curve. 

0  being  any  point  in  the  curve,  let 

a;  =  0  E  be  its  horizontal  distance  from  0 ; 
^  =  £  0  its  vertical  depth  below  O; 
Let  ;  =  B  B'  be  the  span  of  the  neutral  curve,  and  h  its  rise. 


298  MATERIAI^  AlfD  STBUCTUBES. 

Let  w  be  tiie  ^hole  intensity  of  the  vertical  load,  whether  con- 
stant or  variable,  in  lbs.  per  inch  of  horizontal  distance,  so  that 


/ 


to  c^  a;  is  the  whole  load  on  the  arch. 

0 


The  load  w  dxon  each  small  portion  of  the  arch  may  be  con- 
ceived to  consist  of  two  parts, 

w^  d  Xy  producing  direct  compression  alone,  being  distributed 
according  to  the  laws  of  the  equilibrium  of  a  linear  arch, — ^that  is, 

in  such  a  manner  that  w^  =:H-^^  (H  being  the  still  undeter- 
mined horizontal  thrust  of  the  arch),  and 

{u>-v,;)dx={w-TS.^dx, (1.) 

producing  bending. 

Having  formed  the  preceding  expression,  by  putting  for  w  and 

^-^  their  proper  values,  proceed  as  follows ; — 

The  vertical  component  of  the  shearing  force  at  any  point,  such 
as  C,  is  (see  p.  242)— 

F=p.-/;»..+H^-l5) w 

Fq  being  the  still  undetermined  vertical  component  of  the  shear- 
ing force  at  B,  and  -y--  the  slope  of  the  neutral   curve  at  th&t 

point. 
The  bending  moment  at  C  is  (see  p,  343) — 

M  =  Mj  + /"' F  rf  a;  =  Mo  +  Fo  «  —  f ' /"w  rf  a* — ) 

■'  0  -      J  »•'  0  \  ...(3.) 


H 


(,.-,+.j^ 


Mq  being  the  still  undetermined  bending  moment  at  B. 

The  aUeraJtion  ofcmvatwre  produced  in  tiie  neutral  curve  at  C  by 
the  bending  action  is  —  M  ~  E  I;  the  negative  sign  being  prefixed 
to  denote  lihat  downward  curvature  is  to  be  considered  as  positive; 
and  the  aUercUion  of  dope  is  expressed  as  follows : — 

,      dv      .       r*  M        /TTd^    , 
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t^  being  the  still  tindetennined  alteration  of  the  dope  at  R 
The  vertical  deflection  at  G  is  expressed  thus, — 


<' 


.(5.) 


The  bending  action  of  the  load  is  thns  expressed  by  the  four 
equations,  2,  3,  4,  5,  containing  four  indeterminate  constants,  H, 
F^  M^,  i^  1£,  in  each  of  those  equations,  x  be  made  =  /,  ex- 
pressions are  obtained  applicable  to  the  further  end  of  the  span,  K. 
These  expressions  maj  be  denoted  by  F^  M^,  t\,  r^. 

lat  d  8  =  C  J>  =:  si  d  a?  +  ii~^  denote  the  length  of  an 
indefinitely  short  arc  of  the  neutral  curve.  That  arc  is  not  altered 
in  length  by  the  bending  action  of  the  load;  but  it  is  altered  by 
the  direct  compression  in  the  proportion  given  by  the  following 
equation  :— 

H  — 

dt  dx  //•  V 

r.=-irA' <*•> 

in  which  A  denotes  the  sectional  area  of  the  rib  at  C,  and  the 
native  sign  indicates  compression. 

To  find  the  combined  effect  of  the  bending  action  ana  the  com- 
pressive action  on  the  figure  of  the  neutral  curve,  proceed  as 
follows : — 

Let  u  denote  the  positive  horizontal  displacement  of  a  point  in 
it,  such  as  C.  For  example,  G  D  being  the  original  position  of  an 
indefinitely  short  arc,  and  edits  altered  position,  let 

OE  =  aj;  0¥=:x  +  dx; 

EC  =  y;  FD  =  y  +  <?y; 

Oe==x  +  u;  0/=zx  +  u+dx  +  du; 

ec  =  y  +  v;  fd^y  +  v  +  dy  +  dv\ 

cd  =  d8  +  dt. 

Then  from  the  two  equations, 

di^=rda^  +  df/^; 

{d8  +  dtyr:z{dx  +  duf  +  {df/  +  dvf; 

The  following  is  deduced : — 

2d8'dt  +  dt!^  =  2dx'du  +  du^  +  2dt/'dv  +  df^; 

•nd  fitom  this  the  terms  d  fi,d  u*,  d  v^,  may  be  rejected,  as  inap- 
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preciablj  small  compared  with  the  other  terms,  reducing  it  to  the 
folluwing : — 

ds'dtssdx'du  +  dydv; 

whence  is  obtained  the  following  expression  for  the  harizofUal  did- 
placement  ofD  rdaiivdy  toC: — 

du  =  i^dt-i^di^ (7.) 

dx  dx  ^    ' 

d  ^ 

For  d  i  put  its  value  according  to  equation  6,  and  maJne  -r^  =  1  + 
^  ~g,  and  dv=zidx\  then 

which  being  integrated,  gives  for  the  horizontal  displacement  of  C 
relatively  to  B  and  in  a  cQrection  awaj  from  it, 

•=-/:(^('+is)*+'^-i}'- <^> 

an  expression  containing  the  same  four  indeterminate  constants 
that  have  already  been  mentioned;  and  if  re  be  made  =  l,  there 
is  obtained  the  dUeralion  of  the  span  B  F,  which  may  be  denoted 
byuj. 

If  the  abutments  are  absolutely  immoveable,  w^  =  0.  If  they 
yield,  u^  may  be  found  by  experiment  Hence,  as  a  firet  tquaJAon 
of  condition  for  finding  the  indeterminate  constants,  we  have 

Uj  =  0,  or  a  given  quantity. (9.) 

A  second  equation  of  condition  expresses  the  immobility  in  a 
vertical  direction  of  B',  the  further  end  of  the  rib,  and  is  as 
follows : — 

»i  =  0 (10.) 

The  ends  of  the  arched  rib  are  either  fixed  or  not  fixed  in 
direction.  In  the  former  case,  t^)  =  ^  ^  ^^^  ^  ^^  latter,  M^  =  0 ; 
so  that  in  either  case,  the  number  of  indeterminate  constants  is 
reduced  to  three.  One  more  equation  of  condition  is  therefore 
required;  and  it  is  one  or  other  of  the  following : — 

If  the  ends  are  fixed  in  direction,  t|  =  0; (11.) 

if  they  are  not  fixed  in  direction,  Mj  =;0. (11  a.) 
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The  Tftlues  of  the  three  constants  being  found  by  elimination 
irom  the  three  equations  of  condition,  are  to  be  introduced  into  the 
expressions  for  the  moment  of  flexure  (3)  and  the  deflection  (5), 
which  will  now  become  formulse  for  calculation. 

If  throst  be  treated  as  positiye,  and  tension  as  negative,  the 
greatest  intensity  of  stress  at  any  given  cross-section  is  to  be  com- 
puted by  the  formula, 

ft  =  -A-=^-^' <^2) 

the  positive  or  negative  sign  being  used  according  as  the  moment 
M  acts  towards  or  from  the  edge  of  the  rib  under  consideration, 
whose  distance  from  the  neutral  curve  is  vi  h. 

From  the  expression  12  may  be  deduced  the  position  of  the 
point  where  the  stress  is  greatest  for  a  given  arrangement  of  load, 
the  arrangement  of  load  which  makes  that  stress  an  absolute 
maximum,  and  the  corresponding  value  of  the  stress. 

The  vertical  deviation  of  the  lim  ofresistcmce  from  the  neutral 
carve  at  any  point  is  given  by  the  expression 

M^H; (13.) 

and  its  perpendicvla/r  or  normniL  deviation  by  the  expression 

M^^si' (1*) 

and  these  deviations  take  place  in  the  direction  towards  which  M 
acts. 

When  the  deflection  is  found  by  direct  experiment,  the  following 
formula  may  be  used  to  compute  the  greatest  stress  from  it: — 

^ds 

^dx       4  Em' At?  „^, 

^1=  ^-=t=-;i^z2-i (15-) 


n 


the  second  term  being  similar  to  the  expression  in  Article  179  a, 
p.  296. 

The  preceding  is  a  general  method,  applicable  to  all  cases  in 
which  the  load  is  verti^kL  The  following  particular  cases  are  the 
most  useful  in  practice : — 

Pboblem  Second.  Rib  of  Uniform  Stiffness, — If  the  depth  and 
figure  of  the  cross-section  of  an  arched  rib  are  uniform,  and  its 
breadth  is  at  each  point  proportional  to  the  secant  of  the  inclination 
of  the  rib' to  the  horizon  at  that  point;  that  is,  to 
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d» 
di 


=v^= 


80  that  if  Aj  be  the  sectional  area,  and  I^  the  moment  of  inertia, 
of  the  rib  at  the  crown,  and  A  and  I  the  correspotiding  quantiti^ 
at  any  other  point,  we  have 

then  the  intensity  of  the  direct  thrust  along  the  rib  is  eveiywhere 
equal,  and  the  vertical  deflection  at  each  point  is  the  same  with 
that  of  an  uniform  straight  horizontal  beam  of  the  same  section 
with  the  arched  rib  at  its  crown,  and  acted  upon  by  the  same 
bending  moments. 

This  is  expressed  symbolically  by  introducing  the  preceding 
expressions  into  equations  4,  6,  8,  12,  and  15,  which  now  take  the 
following  form : — 

'=js=^-Fr./.'"'''' <'^' 

li=-K;- <«-' 

«=-e1./:('+j^^'-/:4-^-<«-) 

In  the  present  case,  as  well  as  in  all  cases  in  which  the  depth 
and  figure  of  section  are  uniform,  it  is  convenient  to  express  the 
moment  of  inertia  of  the  cross-section  in  terms  of  its  area  and 
depth,  as  in  Article  178,  p.  294,  by  the  aid  of  a  £ftctor  g,  as 
follows : — 

l^qm'h^  A; (17.) 

(see  the  table  of  values  of  g,  pp.  294,  295);  for  thus  E  Aj  is 
rendered  a  common  divisor  in  the  expression  (8  a.)  for  the  change 
of  span,  which  becomes 


i(18.) 


while  equation   12,  for  the  greatest  stress  at  a  given  cross-section, 
becomes 
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ft=M^=*=p}' (^2^> 

affording  a  ready  means  of  computing  the  requisite  area  of 
cross-section,  when  the  depth  and  figure  have  been  fixed  before- 
hand. 

Kibs  of  uniform  stiffiiess  are  not  of  common  occtirrenoe  in 
practice,  but  the  formule  relating  to  them  may  be  applied  with 
little  error  to  flat  segmental  ribs  of  uniform  section. 

Problem  Third.  Case  in  whiok  the  AbuimerUe  yidd  proparticm- 
aUff  to  the  Horizontal  Thrust. — ^Let  the  enlargement  of  the  span  of 
the  arch  due  to  horizontal  thrust  be  expressed  by  the  equation 

tt^  =  a  H; (9  a.) 

then  equation  8  takes  the  following  form : — 

and  for  a  rib  of  uniform  stifihess, 

The  co-efficient  a  may  be  determined  by  experiment.  For 
example,  in  the  course  of  some  recent  experiments,  a  stone  pier,  24 
feet  broad  and  11  feet  thick  at  the  base,  was  found  to  yield  to  the 
extent  of  *27  of  an  inch  to  a  thrust  of  240,000  lbs.  applied  at 
a  height  of  25  feet  above  its  base.     In  this  case,  the  value  of  a  was 

^3^  =-000,001,125. 

Further  experiments  are  wanting  to  establish  general  principles 
as  to  the  yielding  of  piers  and  abutments. 

Pboblem  Fourth.  Parabolic  RiJb  wUh  Rolling  Load;  the  Ends 
jMoed  in  direction;  the  AbutmenU  immoveable. — The  following  is  the 
inost  useful  case  in  practice : — ^Let  the  neutral  curve  B  A  K  be  a 
parabola,  and  the  rib  of  uniform  depth  and  tmiform  stifihess;  and 
let  the  ends  be  broad  and  flat,  and  accurately  bedded  on  the 
skewbacks  from  which  they  spring,  so  that  their  directions  may  be 
r^arded  as  fixed;  that  is  to  say, 

%.  =  h  =  0. (19.) 

Take  the  origin  of  co-ordinates  on  a  level  with  the  summit  of  the 
neutral  curve;  then  the  equation  of  that  curve  is  as  follows,  k 
being  its  rise: — 
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'-^%-')': (»■) 


Whence  we  hare— 


^a-')v:('+^^"'+i-^ 


da* 


8k 


We  farther  find— 


(21.) 


=  0) 


(22.) 


being  in  this  case  simplj  proportional  to  the  oreti  of  deJUcbionj 
I   vdx. 

Let  the  rib  be  under  an  uniform  fixed  load,  tr^  lbs.  on  the 
horizontal  lineal  inch,  and  a  rolling  load  of  u>  lbs.  on  the  horizontal 
lineal  inch;  the  rolling  load,  coTering  the  horizontal  length  r/  of 
the  rib  at  the  end  furthest  from  the  origin  of  co-ordinates,  leaves 
(1  — r)l  unfoaded. 

Then  equations  2,  3,  4,  and  5,  become  as  follows: — ^formulae 
relating  to  the  unloaded  division  being  denoted  bj  A,  and  those 
relating  to  the  loaded  division  by  B, — 

Sheabing  Force, —    .     ' 
(A.)  F  =  Fo+(®*,l-«o)«; 

(B.)  F  =  Fo+(®-^-«»o)«-i«{«-(l-r)i}; 

BsKDnra  Momsmt, —  ■  i:  ■'..•'  ^      ■ 
(A.)      •  M  =  Mo  +  Fo«+^4--S?' 


(23.) 


(R) 


io^x  —  {l—r)iy 


.(24.) 
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Altsbatioh  of  Slope, —  ^  ^  ^•'^<.  0    v- 
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(A,) 


/8AH  \a») 


(25.) 


(R)  Aotliefiu5torinbracketBadd+^ja5— (1— r)^l  j; 
Dbflbchoit, —      '^  *' .  ^  ^-''^ 


■  (26.) 


(K)  fto  the  &ctor  in  bntcketo  add + ^  I « — (1  —  r)  Z I  \ 

He  equations  of  condition  are  the  following : — 
tj  =  0  gives 

-M._f4-(»^-^)?+^=0; (».) 

Cj  =  0  giyes 

"T    -^"e    V~is — ^"o; 24 +  ^4-= "'•••(28.) 

The  condition  that  the  abutments  are  immoveable,  or  u,  =  0, 
gives  f'yon.    -v>      ■■■>;  ^:  *3i,    ■■  .'<->»• 

'  and  mxiltipljing  both  sides  by  - — '^Tl — 'i  ^^  ^^® 
~  6  ~  24  "^  120  "^    120  I  15"^     8  * 

■   (■+!?)}=«■ 

By  eliinination  between  the  three  equatioxifl  of  oonditioD^  the 
following  results  are  obtained : —  ^ 

^«^.(,;^=,, ,„., 


.(29.) 
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then  the  horixontal  thrust  is 


H  =  g^j^^{«o  +  «'aOr«-l«r*  +  6f«)  }(31.) 


the  bending  moment  at  the  unloaded  end. 


—  "o  — ~v 


top 


eP( 
12   I 


4r»  — 3r». 


12     l+B 
10r»_16r«  +  6»*) 

TTB — ; 

and  at  the  loaded  end, 

10r»  — 15r»+6t* 


,(32.) 


l+B 


■} 


(33.) 


The  greatest  intensity  of  stress  ocoura  at  the  loaded  end  of  the 
rib;  and  its  value  is,  for  thrust; 


VxTJ-MA        P     (     Wq    /1_l  2B\ 


10r»— lSr»  +  6r6 


l+B 


Gta-j))}' 


(34.) 


for  tension,  let  p\  denote  the  stress,  and  ^  the  value  of  the  fiictor 
q'f  then 


^i~AiV*  /  ~8Aj|l  +  B\3g'A       A/ 


8r»  +  3r»)- 
(37*  +  *))} 


10  r»  —  15  r*  +  6  r» 


l+B 


(35.) 


Let  r^  denote  the  value  of  r  which  gives  the  absolute  maximum 
of  thrust;  /^  that  which  gives  the  absolute  maximum  of  tension 
(if  any),  then 
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r,  as 


2         1+B 


3qh 


'  '-!  =  §• 


1  +  B 
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and  tihose  absolute  TnAximA  are, 

(2r!-2rJ+|r}} 


2to 


Sqh 


2w 
h 


.     .       ,        P    f    Wo     /2B       1\  ,    2t 


.(37.) 


..(38.) 


Eqtiation  37  serves  to  oompute  the  proper  sectional  area  for  the 
rib,  when  its  depth  and  fonn  have  been  fixed.  If  equation  38 
gives  a  negatiye  resolt,  there  is  no  tension  at  any  point  of  the 
rih. 

The  yertical  component  of  the  shearing  force  at  the  unloaded 
end  is 


'•"jI^b  +  K^"-'*- 


10r»-.  15r*+6 


^};(39.) 


1  +  B 

and  this,  together  with  the  proper  values  of  —  Mq  and  of  H, 
being  substituted  in  equation  26,  enables  the  deflection  at  any 
point  to  be  computed. 

When  q  h  ^  k,^  h  ^  kf  and  B,  are  all  yeiy  small  fractions  (as 
is  often  the  case),  the  following  equations  are  neaHy  true : — 

',=<',  =  \; (36«-) 

'.=ra;{-(^+{)+''"»S}--(»'-) 

^.=5T,(«"(^-j)+'>"«^}-<»'-) 

When,  on  the  contrary  (1  +  B)  -t-  ^  1  —  -^^)   is  equal  to  or 

greater  than  5  .4.  2,  the  greatest  intensity  of  thrust  takes  place 
when  the  beam  is    loaded^  along  its  whole  length;  and  when 
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(1+  B)  ^-  (l  +^T-)  »■  eq™'^  *o  or  greater  thw  6^2,  tiie 

greatest  intenaity  of  tension  also  takes  place  when  the  beam  is 
loaded  along  its  whole  length;  that  is  to  say,  r^  =  f'l  =  1 ;  and 
then  we  have  the  following  equations : — 

^-8(r+B)*' ^^^"■' 

—  Mo=— Mi=^j2(l  +  B)  ' ^^^'■^ 

'.-8^{T?l.(^  +  i)  +  ''"%^}^<»") 

The  effect  of  an  auxiliary  funizontcU  girder,  made  &st  to  the 
arched  rib  at  its  crown,  will  be  considered  fiuiher  on  (pp.  313,  314). 

Pboblem  Fifth.  In  the  same  case,  token  the  Abutn^nte  yidd  to 
the  thrust  so  a*  to  enlarge  the  spaai  to  the  extent  u.  =  a  H;  it  is  only 
necessary  to  make,  throughout  the  fonnule  of  Problem  Fourth, 


\ 


^      46  g «»'**/,/'**«,  aEAA 


.(40.) 


Problem  Sixth.  Parabolic  Rib  ofeqaal  tUfffness,  supportedai  the 
ends,  ha  not  fixed. — The  formul»  of  Problem  Fourih  are  applicable  to 
this  case,  with  the  modifications,  that  H^  and  M^  are  each  =:  0,  and 
that  i0  becomes  an  indeterminate  constant.  Hence  the  following 
results,  in  which  the  terms  enclosed  in  square  brackets,  [  \  have 
reference  to  the  loaded  division  of  the  rib  only : — 

F=Fo+(^-n)«-[«{x-(l-r)/}];(41.) 


{.-(l-.H}'j^ 


.(42.) 
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1  U«^^/'8*H         \ 


t>  =  i,aj 


(43.) 


■  (**•) 


and  ti^  =  a  H  denoting  the  enlargement  of  the  i^Min,  as  in  ProUem 
Fifth,  we  have, —  \A  /*»  3ri 

which,  being  multiplied  by  g  t»'  A^  E  A ^  -4-  8  k,  and  proper  stibstitu- 
tioDS  made,  gives  the  following  equation  of  condition : — 


2  24  "^120"^    120 


k   .  g^AVi  j-***j-«^A 


-='{B+1r('^ 


')' 


.(46.) 


The  other  two  equations  of  condition  are  as  follovs : — 

"'^  0  =  2 J J-Jsrj'TOA'EAito ^+2f 


wf*P      Klk 
"24  3    ' 


•(47.) 


->0 


«_Mi     _.       Wo?      wf'l.ikK 

"=-r=*o — 5 S-+- 


l 


I 


.(48.) 


Equations  46  and  47  give,  by  eliminating  t^  and  dividing  by  /*, 
the  following; — 


.(49.) 
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and  eliminating  Fq  b^^ween  this  equation  and  48,  we  obtain  the 
following: — 


l...(«a) 


whmoe,  nsiiig  the  following  abbieviation, — 

we  have  the  following  yalues  of  the  horizontal  thrust,  and  of  the 
other  oonstants, — 


2iqm'i 


'*«EA,) 


r^o+»  (»"-"- 


5r»- 


(i+c)    )r 


(54.) 


The  <A«artn^  ,/f>rM  at  the  loaded  end  <^tAerStia  (with  the  sign 
reveraed) — 


T 


=2 tr+c+*"r'-*^ 2(1+0)    ;/• 


(55.) 


To  avoid  negative  signs  in  what  follows,  this  is  denoted  as  above 
by  P. 

The  greater  bending  moment  occurs  at  a  point  whose  horizontal 
distance  from  the  loaded  end  of  the  rib  is 


I  —  aj  =  - 


w^  +  w- 


8AH;. 


.{56.) 


hU' 
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A- 

and  the  value  of  that  greatest  bending  moment  is 


giving,  for  the  greatest  stren^  a  thrust  whose  intensity  is 

^»-ir(p+^) (««•) 

To  find  how  much  of  the  span  of  the  rib  must  be  loaded,  in  order 
to  make  this  stress  an  absolute  TwaYinrnm^  and  what  that  Tna-TiTn^^nr^ 
is,  the  value  of  r  is  to  be  deduced  from  the  equation 

^  =  0. (59.) 

This  equation  is  of  the  fourteenth  order.  One  of  its  roots  is 
^  =  1,  which  in  most  cases  givers  a  minimum  value  ofp^.  Dividing 
the  equation,  therefore,  by  1  —  r  =  0,  it*is  reduced  to  the  thirteenth 
order;  but  it  is  still  too  complex  to  be  employed  as  a  formula  for 
practical  use^ 

It  appears,  however,  by  trial,  that  with  those  proportions  which 
are  common  in  practice,  a  dose  approximaHon  to  the  absolute  maxi- 
mimi  value  of  the  stress  p^  is  formed  by  assuming  one  half  of 
the  rib  to  be  loaded;  that  is — 

•■=1 («o.) 

By  introducing  this  value  of  r  into  the  preceding  formuhe,  we 
obtain  the  following  results : — 

Fo  =  -2(«'o  +  f)l|c' <^«^) 

^=2-{(-+r)TTo+i}j (««-) 
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To  illustrate  this  by  a  numerical  example,  let  the  following  data 
be  assamed : — 

,      1,   .       1,       1  7     /      1 

^  =  X  (this  Talue  requires  an  I-shaped  section  to  realize  it 

a  =:  0;  (that  is,  let  the  abutments  be  immoyeable). 

Then, 

1        10 

Also,  let  the  intensity  of  the  rolling  load  be  equal  to  that  of  the 
dead  load,  OTU)=sWf^    Then 

H  =  l-48;w; 
P  =  013  I  w; 
l  —  x=:  0-26  Z  to; 
M'  ==  0-0169  P  w; 

(being  less  than  the  bending  moment  due  to  a  load  of  the  intensity 
to  oyer  the  whole  span,  in  &e  ratio  of  0'IS5  to  1). 

PROBLEM  Seventh.     To  find  the  greatest  Deflection  of  an  Arched 

Rib,  the  greatest  value  of  v  is  to  be  taken  which  corresponds  to 

\(  7 .1  «  =  0.     It  can  be  deduced  from  equations  25  and  26  of  Problem 

'  Fifth,  and  43  and  44  of  Problem  Sixth,  that  in  all  ordinary  cases 

^  ^   to  which  those  problems  relate,  the  absolute  maximum  deflection 

occurs  in  the  middle  of  the  rib,  when  it  is  loaded  over  its  whole 

length;  that  is,  when 
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r  =  Ij  a>  = 


Then  in  a  lib  of  unifonn  stifihesB,  faxd  m»  dvntiMn  at  Ae  end*, 

I  (to  +  M>t)  B 


8A(1  +  B)' 


F,=- 


2  (1  +  B)  ' 
y  (to  +  tOp)  B 


«ss 


384  9  m'  AS  £  A^  (1  +  B)' 


(61.) 


In  a  rib  of  miiform  stifbess,  not  faced  in  direetion  at  the  ends,  we 
have, 

TT  -  ^(«'  +  "o).  Tj.  _  /_(»_+»,)  0 . 
"-8*(1  +  C)'  '•-    2(1  +  C)  ' 


^j^; 


/i-*; 


P{tD  +  tOg)  C 


*»~24yi»'A»EAi(l  +  C)' 
6l*{w  +  toa)  C 


and 


.(62.) 


In  comparing  these  formuke  with  equation  12^  of  Article  169,  p. 
273,  for  the  deflection  of  straight  beams  under  any  load,  it  is  to  be 
observed  that  the  total  load  in  the  present  problem  is  ^  (t^  +  t^o), 
that  l^  ^384  =:  <fi  ^  48,  and  that  q  mf  h*  A^  =  I.  Hence  it 
appears  that  the  deflection  of  an  arched  rib  of  uniform  stifhess 
under  an  uniformly  distributed  load,  is  less  than  that  of  a  straight 
beam  whose  section  has  the  same  moment  of  inertia  with  that  of 
the  arched  rib  at  its  crown,  in  the  ratio  of 

B  :  1  H~  B  if  the  ends  are  fixed  in  direction  (see  pp.  305,  308). 
0  :  1  +  C  if  the  ends  are  merely  supported  (see  p.  310). 

PfiOBLEM  Eighth.      Arched  Bib  of  un^arm  sUffhess  fiaaed  tn 
direetion  at  the  ends,  and  fixed  at  the  crown  to  a  horizontal  beam. — 
In  fig.  153,  let  B  F  as  before  be  the  arched  rib,  and  E  A  E  the 
horizontal  beam.     In 
the  qMuodrils  of  the 
arch  are  vertical  struts 
which    transmit    the 
vertical  load  to  the 
eorred  rib,  and  cause 
the  vertical  compon- 
ents of  the  deflection 


ng.  168. 
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of  the  stxaight  and  arched  beams  to  be  the  same  at  corresponding 
points. 

The  effect  of  these  stmts  is  taken  into  aooonnt  by  making  the 
total  moment  of  inertia  of  the  cross-section,  in  the  formuls  of 
Problem  Fourth,  via. : — 

include  the  moment  of  inertia  of  the  straight  beam;  but  the  area 

^i8  still  to  be  that  of  the  arched  beam  only. 
jet  the  curved  and  straight  beams  be  so  firmly  connected  at  the 
crown  (A,  fig.  153),  that  their  horizontal  diaplaeement  u  is  the  same 
at  that  point;  and  let  the  horizontal  beam  abut  at  its  ends, 
E,  'E,  either  against  the  piers,  or  against  some  other  part  of  the 
superstructure,  so  as  to  be  capable  of  resisting  a  thrust  Then  the 
horizontal  thrust  is  no  longer  necessarily  tiie  same  in  the  two 
divisions  of  the  arched  rib,  A  B,  A  B*;  but  when  one  of  those 
divisions  (as  A  F)  is  more  heavily  loaded  than  the  other,  the 
horizontal  thrust  in  the  more  loaded  division  is  greater  than  in  the 
less  loaded  division,  the  excess  being  resisted  by  that  part  of  the 
horizontal  beam  (A  E)  which  is  above  the  less  loaded  division. 

It  is  unnecessary  to  give  here  the  complete  detailed  investigation 
of  this  case,  or  to  do  more  than  to  state  the  most  important  result 
of  that  investigation,  viz. : — ^that  with  the  dimensions  and  under 
the  circumstances  that  usually  occur  in  practice,  the  effect  of  the 
resistance  of  the  horizontal  beam  to  a  longitudinal  thrust  is  to 
make  the  greatest  intensity  of  stress  in  the  arched  rib  under  every 
partial  load  either  less  than,  or  not  appreciably  greater  than,  the 
greatest  intensity  of  stress  under  a  complete  load,  which  thus 
becomes  the  absolute  maximum  of  stress  in  the  arched  rib,  and  is 
given  by  equation  37  b  for  thrust,  and  by  equation  38  b  for  tension, 
p.  308. 

The  greatest  intensity  of  stress  in  the  horizontal  beam  may  be 
found  approximately  as  follows,  when  its  cross-section  is  nearly 
similar  above  and  below : — Let  h'  denote  its  depth.  A'  its  sectionid 
area,  —  M.  the  greatest  moment  of  flexure  as  computed  by  equation 
33  B,  p.  308,  H  the  horizontal  thrust  as  computed  oy  equation  31  b, 

p.  3oa 

Then  for  thrust, — 


and  for  tension — 


f'-^ w 
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CHATTER  II 

OP  EABTHWOBX. 

SEcmoH  L — Strength  and  StdbUUy  ofEarikworh  in  GeneraL 


181.  GcMMl  PrtaetylM— AdhMlMi^meilOTi- 
llMiviMML — Earihwork  is  of  two  kinds— ezcayation,  or  cutting, 
and  filling,  or  embankment  The  tenn  *'  eofrthvoork^*  in  its  widest 
sense,  oomprebends  excavation  in  rock,  as  well  as  in  the  looser 
materials  of  the  earth's  crust 

Earthwork  gives  way  by  the  dipping  or  sliding  of  its  parts  on 
eadi  other;  and  its  stability  arises  from  resistance  to  the  tendency 
80  to  slip. 

In  solid  rock,  that  remstance  arises  from  the  elastic  stress  of  the 
material,  when  subjected  to  a  shearing  force;  but  in  a  mass  of 
earthy  as  commonly  understood,  it  arises  partly  from  the  friction 
between  the  grains,  and  partly  from  their  mutual  adhesion ;  which 
latter  force  is  considerable  in  some  kinds  of  earthy  such  as  clay, 
especially  when  moist 

But  the  adhesion  of  earth  is  gradually  destroyed  by  the  action  of 
air  and  moisture,  and  of  the  changes  of  the  weather,  and  especially 
by  alternate  frost  and  thaw;  so  that  its  friction  is  the  only  force 
which  can  be  relied  upon  to  produce  permanent  stabOity. 

The  temporaiy  additional  stability,  however,  which  is  produced 
by  adhesion,  is  useful  in  the  execution  of  earthwork,  by  enabling 
the  side  of  a  cutting  to  stand  for  a  time  with  a  vertical  face  for  a 
certain  depth  below  its  upper  edge.  That  depth  is  greater  the 
greater  the  adhesion  of  the  earth  as  compared  with  its  heaviness; 
it  is  increased  by  a  moderate  d^^ree  of  moisture,  but  diminished  by 
excessiye  wetness. 

The  following  are  some  of  its  values : — 

OrMtest  daptli  of 
Sarib.  temporaiy 

vertical  fkoe. 

Clean  dry  sand  and  grayel, 0 

Moist  sand,  and  ordinary  sur&u»  mould,  from    3  to    6  feet 
Clay  (oi-dinary), from  10  to  16  feet 

One  of  the  effects  of  the  temporary  stability  due  to  adhesion  is 
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seen  in  the  figure  of  the  surface  left  after  a  ^'sUp**  has  taken 
place  in  earthwork.  That  sor&oe  is  not  an  uniform  slope,  inclined 
at  the  angle  of  repose,  but  is  concave  in  its  vertical  section,  being 
vertical  at  its  upper  edge,  and  becoming  less  and  less  steep  down- 
ward&  It  is  not  capable,  however,  of  preserving  that  figure;  for 
the  action  of  the  weather,  by  graduall j  destroying  the  a&esion  of 
the  earth,  causes  the  steep  upper  part  of  the  concave  &oe  to  crumble 
down,  so  that  the  whole  tendiB  to  assume  an  uniform  slope  in  the 
end. 

The  permcMetU  ttabilUy  of  earth,  which  is  due  to  friction  alone, 
is  sufiicient  to  maintain  tiie  side  either  of  an  embankment  or  of  a 
cutting  at  an  imiform  slope,  whose  inclination  to  the  horizon  is  the 
angle  ^n^poM,  or  angle  whose  tangent  is  the  e(hefficiaU  qfJricUon, 
This  is  caUed  the  nahurcU  elope  of  Uie  eartL  The  customary  mode 
of  describing  the  slope  of  earthwork  is  to  state  the  ratio  of  its 
horizontal  breadth  to  its  vertical  height,  which  is  the  reciprocal  of 
the  tangent  of  the  inclination. 

Values  of  the  angle  of  repose  (^)  and  co-efficient  of  friction  (/), 
and  its  reciprocal  (1  -r-/),  for  various  substances,  have  already  been 
given  in  Article  110,  p.  172;  but  for  the  sake  of  convenience,  those 
which  refer  to  the  fnctional  stability  of  earth  are  here  repeated, 
with  a  few  additions : — 


EABTK 


lepot 


Oo^effldatt 

of 

Friction. 


Aeiignatlaa  of 
Natural  Slope: 

1  -f-/to  1. 


Dry  land,  day,  and   mixed  ffirom 

eartb, \    to 

Damp  day, 

Wet  day. {^ 

Shingla  andgnvd,  ^  ^ 

{from 
to 


Peat,. 


87** 
21** 

17« 

48« 
SS*' 
46" 
14» 


0-75 

0*88 

1-00 

0*81 

0*26 

1-11 

0-70 

1-0 

0-26 


1-88  to  1 
2-68  to  1 

1  tol 
8-28  to  1 

4tol 
0-9  tol 
1-48  to  1 

Itol 

4tol 


The  most  frequent  slopes  of  earthwork  are  those  called  1^  to  1, 
and  2  to  1 ;  corresponding  respectively  to  the  co-efficients  of  friction 
0*67  and  0*5,  and  to  the  angles  of  repose  33^°  and  26^^,  nearly. 

The  presence  of  moisture  in  earth  to  au  extent  just  sufficient  to 
expel  the  air  from  its  crevices,  seems  to  increase  its  co-efficient  of 
friction  slightly;  but  any  additional  moisture  acts  like  an  unguent 
in  diminishing  friction,  and  tends  to  reduce  the  earth  to  a  semi- 
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fluid  oonditioh,  or  to  the  state  of  mud.  In  this  state^  although  it 
has  some  cohesion;  or  Yiscidity,  which  resists  rapid  alteration  of 
fonn,  it  has  no  fictional  stability ;  and  its  co-efficient  of  friction, 
and  angle  of  repose,  are  each  of  tiiem  nnlL 

Hence  it  is  obvious  that  the  frictional  stability  of  earth  depends 
to  a  great  extent  on  the  ease  with  which  the  water  that  it  occasionally 
absorbs  can  be  drained  awaj.  The  safest  materials  for  earthwork 
are  shiyeni  of  rock,  shingle,  gravel,  and  clean  sharp  sand,  whether 
consisting  whoU j  of  small  ht^d  crystab,  or  containing  a  mixture  of 
fiagmenta  of  shcdls;  for  those  materials  allow  water  to  pass  through, 
without  retaining  more  of  it  than  is  beneficial  The  deanest  sand, 
however,  may  be  made  completely  xmstable,  and  reduced  to  the 
state  of  ^'quicksand,*'  if  it  is  contained  in  a'  basin  of  watei^holding 
materials,  so  that  water  mixed  amongst  its  particles  cannot  he 
drained  ofL 

The  property  of  retaining  water,  and  forming  a  paste  with  it, 
belongs  specially  to  clay,  and  to  earths  of  which  day  is  an  ingredient 
Such  earths,  how  hard  and  firm  soever  they  may  be,  when  first 
excavated,  are  gradually  softened,  and  have  both  their  frictional 
stability  and  their  adhesion  diminished  by  exposure  to  the  air.  In 
this  respect,  mixtures  of  sand  and  clay  are  the  worst;  for  the  sand 
favours  the  access  of  water,  and  the  day  prevents  its  escape. 

The  properties  of  earth  with  respect  to  adhesion  and  fnction  are 
80  variable,  that  the  engineer  should  never  trust  to  tables  or  to 
information  obtained  from  books  to  guide  him  in  designing  earth- 
works, when  he  has  it  in  his  power  to  obtain  the  necessary  data 
either  by  observation  of  existing  earthworks  in  the  same  stratum, 
or  by  experiment. 

The  following  are  the  weights  of  a  cubic  foot  and  of  a  cubic 
yard  of  the  ordmaiy  materials  of  earthwork : — 

Cubic  Foot.  Cubic  Yard. 

Chalk, from  117  to  174  lbs.  from  3160  to  4730  lbs. 

Clay, „     120  to  135  „  „     3340^3645  „ 

Gravel  and  Shingle, ....     „      90  to  no  „  „     2430  to  2970  „ 

Marl, „     100  to  119  „  „     2700  to  3210  „ 

J^H 102  „  „     2J5P  „ 

«n<i,«liy, 89  „  „  (2400)  „ 

„     damp, 118  „  „  i^i^g^  „ 

Stale, 162  „  „    4370 


» 


182.  amm  •r  itock^^hrttiBgik — ^When  rock  is  firm  and  sound,  so 
t^t  the  permanence  of  its  cohesion  may  be  depended  upon,  the 
sides  of  excavations  in  it  may  be  made  vertical,  or  nearly  so. 

How  far  the  cohesion  of  the  rock  is  to  be  depended  upon,  is  a 
question  to  be  solved  rather  by  observation  of  the  rock  in  each 
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particokr  caM,  than  by  anj  general  principles  having  r^(ard  to  its 
geological  position,  mineralogical  character,  or  <£emical  com- 
position; for  the  geological  position  is  fixed  by  the  orgBnic 
remains  imbedded  in  the  rook;  and  these  have  no  connection  with 
its  mechanical  properties;  and  rocks  composed  of  the  same  epodes 
of  minerals,  and  the  same  chemical  constituents  in  the  same  or 
nearly  the  same  proportions,  show  great  differences  in  strength  and 
durability. 

It  may  be  observed,  hovrever,  that  the  cohesion  of  igneous 
and  metamorphic  rocks,  such  as  granite,  syenite,  trap,  gneiss,  mioa- 
slate,  marble,  quarts-rock,  ^.,  may  in  general  be  tnuted,  unlew 
they  are  much  fissured,  or  contain  potash-felspar,  in  irhi<di 
oases  a  sufficient  slope  must  be  given,  to  prevent  fiagmeata 
firom  falling  into  the  cutting  so  as  to  do  damage.  Of  the 
sedimentary  rocks,  those  whicb  contain  much  day,  such  as  ahale, 
are  to  be  treated  with  caution,  how  hard  soever  they  may  be 
when  first  cut;  for  they  are  liable  to  soften  by  the  action  of  the 
weather.  Sandstone  and  limestone,  whether  compact  or  granular, 
if  fit  for  building  purposes,  will  stand  with  v^tical  or  nearly 
vertical  faces;  but  those  materials  exist  of  every  degree  of  hard* 
ness,  fii'om  that  of  rock,  properly  speaking,  to  that  of  earth.  Sand- 
stone is  met  with  which  crumbles  in  the  hand,  and  requires  slopes 
of  firom  1  to  1  to  1^  to  1 ;  and  chalk,  aooording  to  its  degree  of 
hardness  and  soundness,  stands  at  slopes  varying  from  ^  to  1  to  1^ 
to  1. 

The  stability  of  sedimentary  rocks  in  the  side  of  a  cutting  is 
greater  when  the  beds  are  horizontal,  or  dip  away  firom  the  cutting, 
than  when  they  dip  towards  it. 

183.  The«rf  •f  the  SteMllty  aa^  Pw— mo  mf  X.MM  Itartli.  (A. 
M,f  194  to  198.)— The  stress  exerted  in  different  directions  through 
a  given  particle  in  a  mass  of  earth  is  subject  to  the  general 
principles  which  govern  the  compound  internal  stress  of  solids,  as 
abready  stated  in  Article  108,  pp.  166  to  170. 

It  is  also  subject,  when  friction  alone  is  the  cause  of  stability,  to 
the  limitation  expressed  by  the  following  principle : — 

L  C}«Bena  Priaelple  •£  the  BtabiUtr  •f  liMM  Itartli. — li  i$ 
necessary  to  the  stability  of  a  granuUur  mass,  that  the  direction  of 
the  pressure  between  the  portions  into  which  it  is  divided  by  any 
plane  should  not,  at  any  point,  make  with  the  ru/rmal  to  that  plane  an 
angle  greater  them  the  angle  o/repose. 

The  plane  in  any  mass  on  which  the  obliquiiy  of  the  pressure  is 
greatest,  is  perpendicular  to  the  plane  which  contains  the  axea  of 
greatest  and  least  pressure. 

Referring  to  ^,  85,  p.  168,  and  to  the  description  of  that  figure 
in  pp.  168,  169,  it  is  evident  that  the  above  principle  is  equivalent 
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to  stating  that  the  greateet  value  of  the  angle  of  oUiquiiy  .^N  O  R 

ornrin,  that  figure  .shall  not  exceed  ^,  the  angle  of  repose  of  the 
earth  in  question.  y^ 

The  greatest  value  of  nr  obviouslj  occurs  when  0  R  is  perpen- 
dicular to  P  Q,  and  is  giyoi  bj  the  following  equation : — 

A  .MR  .    »,  —  ©9 

max  nr  s=:  arc  8in .  y^-^r^r  =  arc  sin ^^   ,  ^^: 
OM  Pi+Pi' 

and  this  angle  must  not  exceed  the  angle  of  repose ;  whence  the 
condition  of  stabilily  of  the  earth  is  expressed  as  follows : — 

^=*i*--..; w 

or  otherwise  as  follows : —    .^ 


a^\zzi^ (lA.) 


which  last  equation  gives  the  leas^  intensity  of  pressure  p^  in& 
given  direction,  that  is  consistent  with  the  repose  of  earth  through 
which  a  pressure  of  a  given  intensity  p^  acts  at  right  angles  to  the 
first  mentioned  direction,  and  serves  to  determine  the  least 
intensity  of  horizontal  pressure  which  will  maintain  the  stability 
of  a  loass  of  earth  through  which  a  vertical  pressure  of  a  given 
intensity  acts. 

n.  o«^i««KCe  Pill— If  te  iterih^— But  it  is  neoessaiy  in  some 
cases  to  determine  the  limiting  ratio  of  the  intensities  of  a  pair 
of  ccmjugcUe  pressu/res  in  a  mass  of  earth,  which  may  or  may  not 
be  at  right  angles  to  each  other;  and  that  problem  is  solved  by  the 
following  geometrical  construction,  easily  deduced  from  Proposition 
IV,  of  Article  108,  p.  168. 

In  fig.  154,  let  C  represent  a  section  of  a  prismatic  particle  of 
earth,  made  by  the  plane  of  greatest  and  least  pres- 
sures. Let  that  particle  be  a  rhombic  prism^  on 
whose  faces  the  pressures  are  "conjugate;'*  that  is 
to '  say,  let  the  pressures  on  the  £sioes  which  are 
parallel  to  D  G,  act  parallel  to  E  E;  while  the 
pressures  on  the  faces  which  are  parallel  to  E  F  act 
parallel  to  D  G. 

Let  p  be  the  int^isiiy  of  the  pressure  parallel  to 
D  G,  and  p'  that  of  the  less  pressure  parallel  to  E  F, 
each  estimated  per  unit  of  area  of  the  plane  to  which        ^'  ^^^' 
^  k  cor^aie.    Let  ^  be  the  angle  of  obliquity  of  the  prism  C; 
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that  is,  the  difference  between  each  of  its  angles  and  a  right 
angle.  This  angle  must  not  exceed  ^,  the  angle  of  repose  of  the 
earth. 

Then  the  intensities  of  the  conjugate  pressures,  per  unU  of  area 
qfjdanee  perpendioulcvr  to  their  directions,  are  respectivelj, — 

COS  ^        COS  r 

In  fig.  155,  from  one  point  O^  draw  two  straight  lines,  O  M  X  and 

O  R,  making  with  each  other  the 
angle  M  O  R  =  ^,  the  angle  of  repose. 
About  any  convenient  point  M  in 
one  of  those  straight  lines,  describe 
a  semicircle  Y  R  X,  touching  the 
other  straight  line  in  R  (This  may 
^^  be  done  by  describing  the  dotted  semi- 

circle M  R  O,  so  as  to  find  the  point  R) 

Through  O  draw  the  straight  line  OQP,  making  the  an^e 
M  O  P  =  ^,  the  obliquity  of  the  conjugate  pressures,  and  cutting 
the  semicircle  Y  R  X  in  P  and  Q.  Then  the  limits  of  the  ratio  of 
the  intensities  of  the  conjugate  pressures  are 

OQ       .OP 

that  is  to  say,  in  algebraical  symbols,    AM  ,^  ^^^ 

P'  i.v         i.     xr      ^^    ®os^+  J  (cos *^- cos *^)     ,o. 

^  cannot  be  greater  than  7^-7^  =  — ^ — ^,  ^ — ^- w-'     (2.) 

p  *  OQ    cos^-  ^(cos^^-cos^^y    ^   ^ 

,       ^,  OQ     008^-  J(cos«^-cos«^)    ,^    . 

nor  less  than. 7T^=  — 3 — ^tt — «i ^\  (2a.) 

OP    cos^+ ,y(cos*^-oo8*^y  ^      ' 

being  the  solution  of  the  problem. 

The  following  are  the  extreme  cases  of  the  problem : — 

When  the  prism  C  is  rectangular,  and  the  conjugate  pressures 

perpendicular  to  each  other,  we  have  ^  =  0;  O  Q  P  coincides  with 

O  Y  Xy  and  consequently 

P'           J.U          X     XV      ^^     1+sin^  ,„. 

J-  cannot  be  greater  than  QY^l-sin^^ ^^'^ 

nor  less  than ?s:v  =  i ^— r (3  a.) 

OX    l  +  sm^  ^      ^ 

When  the  obliquity  of  the  prism  C  is  the  greatest  possible,  so 
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that  i=^y  the  points  P  and  Q  coalesce  in  R,  and  the  two  limits  of 
the  latio  of  the  conjugate  pressures  heoome  each  equal  to  unitj, 
giving  the  single  equation, 

P'-P  (4.) 


in.  IVt— 1^  te  a  mmm  •f  Kartii  witk  mi 
amhce. — In  fig.  154^  p  319,  let  AB  represent  part  of  the  indefinitely 
extended  plane  upper  sur&ce  of  a  mass  of  earth,  either  horizontal, 
or  sloping  at  any  given  angle  i  not  exceeding  the  an^e  of  repose  9. 
Oonceiye  the  whole  mass  to  be  divided  into  layers,  such  as  E  F, 
parallel  to  A  B.  The  condition  of  all  particles,  such  as  0,  into 
which  one  of  those  layers,  as  E  F,  can  be  divided  by  vertical 
planes,  must  be  similar;  whence  it  follows  that  the  pressure  exerted 
at  any  vertical  plane  is  paraUel  to  the  surface  A  B,  and  the  pressure 
&t  any  sui^Euse  parallel  to  A  B  is  vertical  The  particle  C,  formed 
by  the  intersection  of  the  vertical  column  D  G  with  the  layer  E  F, 
is  bounded  by  conjugate  planes;  and  the  conjugate  pressures 
Mating  through  it  are  respectively  vertical,  and  parallel  to  the 
layer. 

The  vertical  pressure  p  is  due  to  the  weight  of  the  column  of 
earth  D  O  which  rests  on  the  particle.  Let  x  =  D  G  be  its  depth, 
and  w  the  weight  of  an  unit  of  its  volume;  then 

^  =  ii^aj'coe  S, (5.) 

The  pressure  along  the  steepest  slope  of  the  layer  E  F,  which  is 
exerted  through  the  vertical  &oes  of  the  prism  0,  will,  if  the  earth 
is  laid  down  in  layers,  be  of  the  least  intensity  sufficient  to  preserve 
the  repose  of  the  eai-th,  as  given  by  combining  equation  2  a  with 
equation  5;  that  is  to  say, 

,  .  cos  ^- J(cos*^— cos2  ^) 

^  cos  ^-»-   ^  (cos*  ^-COB^  ^)  ^     ' 

To  represent  these  results  graphically,  construct  fig.  155  as 
already  described,  with  O  M  X  horizontal,  O  R  inclined  at  the 
"  natural  slope,"  and  O  Q  P  inclined  at  the  actual  slope, — that  is, 
parallel  to  the  steepest  slope  of  the  plane  A  B.  From  P  draw  the 
straight  line  P  W  perpendicular  to  O  P,  cutting  O  X  in  W. 

Then 

0W:0P:0Q::«7a::^  :  p' (7.) 

The  extreme  cases  are  as  follows : — 

When  the  upper  surface  of  the  earth  is  horizontal,  W  and  P  both 
ooii^dde  with  X,  and  Q  with  Y;  so  that, 

T 
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O  X  :  0  Y  :  :  to  «  =  p  :  p ;  and  p'  =  w  a:  •  ,       "°  ^.  (8.) 

1  +  sin  A 

When  the  upper  surface  of  the  earth  slopes  at  the  angle  of 
repose,  P  and  Q  coincide  with  R,  and  W  with  M  ;  so  that 

OM  :  O  "R  :  :w  X  :p'  =  p;  and p*  =  p  =  w  xoo8  0.  (9.) 

There  is  a  third  conjugcUe  pressure^  exerted  horizontally  through 
the  particle  C,  in  a  direction  perpendicular  to  the  vertical  plane  oi 
steepest  slope.  Its  intensity  is  represented  in  fig.  155  by  O  IT,  and 
is  given  by  the  following  equation : — 

L    ?.-•                             ,_     w  g -008^(1 -sin  (P)    .  ..Q. 

^  -^  ^  ""cos  ^+  ^(oos2  ^-co?^' ^      ' 

and  in  the  two  extreme  cases  it  takes  the  following  values : — For 
a  horizontal  upper  surface,  or  ^  =  0, 

p=^=^«___ (11.) 

For  the  natural  slope,  or  ^  =  ^, 

/)'  =  «?  a;  (1 -sin  ^) (12.) 

The  intensity  of  the  greatest  pressure  exerted  through  a  given 
particle  of  earth  is  represented  by  0  X,  and  given  by  the  following 
formula : — 


p         «7a;-co8  ^(l+sin^)  .^g. 

^^    cos  tf  +  ^  (cos*  ^  -  cos*  f ) ^    "' 


The  direction  of  the  aade  of  greatest  pressure  is  at  right  angles  to, 
and  conjugate  to,  a  plane  bisecting  the  angle  which  a  radius  drawn 
from  C  to  Q  makes  with  the  horizon ;  that  is  to  say,  the  inclination 
of  that  axis  to  the  horizon  is  given  by  the  formula, — 

'^  =  |(«  +  180'  -  "«  •  «i^£0 (14) 

The  extreme  cases  are, 

When  the  upper  surface  is  horizontal,  or  ^  =  0 ; 

Pi  =  tr  «;  1/^  =  90®  (or  the  axis  is  vertical).  (15.) 

When  ^  =  ^; 

4  -t  90** 
ft  =  «»«(l+8m^);  ,/-=  ?-i-^; , (16.) 
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or  the  aids  of  greatest  pressure  bisects  tlie  angle  between  the  slope 
and  the  vertical 

The  axis  of  least  pressure  in  the  plane  of  greatest  slope  is  per- 
pendicular to  that  of  greatest  pressure,  and  the  intensity  of  the 
least  pressure,  being  represented  by  0  Y,  has  already  been  given 
in  equation  10. 

lY.  PreMme  ^f  Earth  acatofli  a  rcrllcal  Plaae. — ^In  fig.  156,  let 
0  X  represent  a  yertical  plane  in,  or  in 
contact  with,  a  mass  of  earth,  whose  upper 
surface  Y  O  Y  is  either  horizontal  or  in- 
clined at  any  angle  $,  and  is  cut  by  the 
vertical  plane  in  a  direction  perpendicular 
to  that  of  steepest  decUvity.  It  is  required 
to  find  the  pressure  exerted  by  the  earth 
against  that  vertical  plane  per  unit  of 
breadth,  from  O  down  to  X,  at  a  depth  ^-  !««• 

OX'-x  beneath  the  sur&ce,  and  the  direction  and  position  of  the 
fesnltant  of  that  pressure. 

The  direction  of  that  resultant  is  already  known  to  be  pamllel  to 
the  declivity  Y  O  Y. 

Let  B  B  be  a  plane  traversing  X,  parallel  to  Y  O  Y.  In  that 
plane  take  a  point  D,  at  such  a  distance  X  D  firom  X,  tliat  the 
weight  of  a  prism  of  earth  of  the  length  X  D  and  having  an  oblique 
base  of  the  area  unity  in  the  plane  O  X,  shall  represent  the  inten- 
sity of  the  conjugate  pressure  per  unit  of  area  of  a  vertical  plane  at 
the  depth  X  j  that  is  to  say,  construct  fig.  155  as  already  described, 
and  make 

O  P  :  O  Q  in  fig.  155  : :  0  X  :  X  D  in  fig.  156. 

Draw  the  straight  line  O  D;  then  will  the  ordinate,  parallel  to 
0  Y,  drawn  from  OX  to  O  D  at  any  depth,  be  the  length  of  an 
oblique  prism,  whose  weight,  per  unit  of  area  of  its  oblique  base, 
will  be  the  intensity  of  the  conjugate  pressure  at  that  depth.  Let 
0  D  X  be  a  triangular  prism  of  earth  of  the  thickness  unity; 
the  weight  of  that  prism  will  be  the  amount  of  the  conjugate  pres- 
sure sought,  and  a  line  parallel  to  O  Y,  traversing  its  centre  of 
gravity,  and  cutting  0  X  in  the  cenJtre  of  pressu/re  C,  will  be  the 
poeition  of  the  resultant  of  that  pressure.  The  depth  O  C  of  that 
centre  of  pressure  beneath  the  sur&ce  is  evidently  two-thirds  of 
the  total  depth  O  X. 

To  express  this  symbolically,  make 


YT\         P^  cos 

p  cos 


^-   J  (Cosg  tf-C08^^),  ,.^  . 
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then  the  amount  of  the  conjugate  pressure,  represented  by  the 
weight  of  the  prism  0  X  D,  is 

In  the  extreme  cases,  equations  17  and  18  take  the  following 
forms : — For  a  horizontal  sur&ce; 

J     A   V  rk  l-sin  0    „     u;a:*l-sin^       ,-o. 

^  =  0;XD  =  aj*= ,-   -;  T'  =  -^-.  . —  .  -  ....(19.) 

'  l+am^  21+8in^      ^' 

For  a  8ur£EU)e  sloping  at  the  angle  of  repose; 

i  =  0;  XT)  =  x;  P'=  -  ^   •  cos  ^ 


Masses  of  earth  with  indefinitely  extended  plane  upper  sur&ces 
do  not  occur  in  reality;  but  the  formulae  which  are  applicable  to 
them  are  applicable  to  real  masses  of  earth  with  limited  plane 
upper  surfaces,  with  a  degree  of  accuracy  sufficient  in  most  cases 
for  practical  purposes.     (See  Phil.  Trans.,  1856-7). 
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There  is  a  mathematical  theoiy  of  the  combined  action  of  friction 
and  adhesion  in  earth;  but  for  want  of  precise  experimental  data, 
its  practical  utility  is  doubtful 

SscriON  11. — MensimUion  of  Eoflrthtoorh 

184.  CalcalatiM  m€  Btelf-tecadths  and  Areas  •€  I^aad^ — ^The 
boundaries  of  a  piece  of  earthwork  in  general  are  as  foUows : — 

I.  The  hose,  forming y  or  fatmabum,  being  a  surfeuse  nearly,  and 
sometimes  exactly,  horizonttd,  which  forms  the  bottom  of  a  catting, 
or  the  top  of  an  embankment. 


HALF-BBBADTH8  OF  EARTHWORK. 
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IL  The  original  sur&ce  of  the  ground,  which  forms  the  top  of 
a  cutting  and  the  bottom  of  an  embankment 

IIL  The  sides,  or  slopes,  which  connect  the  base  with  the 
natural  surface,  and  whose  inclination  is  the  steepest  consistent 
with  the  permanent  stability  of  the  material. 

Figs.  157,  15S,  and  159,  represent  examples  of  croes-aecti(ms  of 


fig.  167. 


Fig.  158. 


pieces  of  earthwork,  in  each  of  which  D  E  is  the  base,  A  B  the 

natural   suifisu^,  and    DA   and  v jf. 

E  B  are  the  slopes.     In  fig.  157,  I 

the  natural  surface  is  hori2x>ntal ; 

in  fig&    158  and   159,  it  slopes 

sideways,   being  what   is  called 

"Bide-long  ground."  ^«- 1«»- 

Figs.  157  and  158  represent  cuttings;  to  represent  embank- 
ments, it  is  only  necessary  to  conceive  them  to  be  turned  upside 
down. 

Fig.  159  represents  a  piece  of  earthwork,  of  which  one  side, 
Q  E  B,  is  in  cutting  called  ''side  cutting,"  and  the  other,  Q  D  A, 
in  embankment 

The  half -breadth  of  a  piece  of  eailihwork  has  already  been  men- 
tioned in  Article  %Q,  p.  112.  It  means  the  horizontal  distance 
from  a  given  point  in  the  oerUre  line  of  the  hose  to  one  edge  of  the 
cutting  or  embankment;  and  although  it  is  called  ''AoZ/'-breadth,'* 
it  is  veiy  generally  different  at  opposite  sides  of  that  centre  line. 

Each  half-breadth  consists  of  two  parts : — ^the  real  half-breadth 
of  the  base,  which  is  fixed  by  the  design  of  the  work,  and  the 
horizontal  breadth  of  one  slope,  which  is  to  be  found  by  calcula- 
tion or  by  drawing. 

In  each  of  the  fig&  157,  158,  and  159,  C  represents  a  point 
in  the  centre  line,  as  marked  on  the  ground;  F,  the  point  vertically 
above  or  below  it  in  the  centre  line  of  the  base ;  D  G  and  E  H  are 
vertical  lines  through  the  edges  of  the  base;  D  F  and  F  E  are  the 
half-breadths  of  the  base. 

In  fig.  157,  where  the  ground  is  level  across,  G  A  and  H  B  are 
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the  breadths  of  the  slopes,  and  C  A  and  C  B  the  half-breadths  of 
.  the  earthwork. 

In  fig&  158  and  159,  where  the  ground  slopes  sideways,  the 
vertical  lines  through  D,  F,  and  £  are  produced,  if  neoessavy,  and 
are  cut  at  right  angles  by  horizontal  lines,  A  L  M,  and  B  N  E, 
drawn  through  the  ^ges  of  the  earthwork.  A  L  and  B  N  are  the 
breadths  of  the  slopes;  and  M  A  and  P  B  are  the  half-breadths  of 
the  earthwork. 

When  the  natural  surface  of  the  ground  is  rugged,  the  best 
method  of  determining  the  breadths  of  the  slopes  of  earthwork  is  by 
measurement,  upon  a  series  of  cross-sections  of  the  proposed  work, 
plotted  to  the  same  scale  horizontaUy  and  vertically.  (Article  11, 
p.  11;  Article  60,  pp.  97,  98.) 

When  the  natiual  surface  of  the  ground  is  level,  or  nearly  level 
across,  or  has  an  uniform  or  nearly  uniform  sidelong  slope,  the 
breadths  of  slopes  may  be  found  by  calculation,  according  to  the 
rules  now  to  be  explained. 

In  each  of  the  following  problems,  h  denotes  0  F  in  fig&  157, 
158,  and  159,  being  the  oentnd  depth  of  the  earthwork  at  the  given 
cross-section;  b^  the  hcUf-breadth  of  the  base,  F  D  or  F  £ ;  «  to  I, 
the  slope  of  the  earthwork,  meaning  $  horizontal  to  1  vertical;  b\ 
the  half-breadth  of  the  slope. 

Problem  First.  To  ccUculate  the  breadth  qf  a  slope,  when  the 
naUiral  ground  is  level  eicrose, — ^In  ^,  157, 

,s       3  6'  =  HB  =  0A  =  #A.  (1.) 

^  Problem  Second.  To  calculate  the  breadth  of  a  dope  token  the 

ruUv/ral  ground  has  a  given  uniform  eiddong  irwLinalion. 

Let  the  natural  sidelong  declivity  be  at  the  rate  of  r  to  1 ;  that 
is,  let  r  be  the  cotangent  of  the  angle  which  the  line  A  B  in  figs. 
\  \         158  and  159  makes  with  the  horizon. 

Com  L — ^When  the  ground,  in  proceeding  from  the  centre  to  the 
edge  of  the  earthwork,  slopes  away  from  the  base,  as  in  the  rights 
hand  side  of  fig&  158  and  159 — 


.  / 


6'=BN=i^^.(A.^o) (2.) 


Here  the  factor  A  +  -^  represents  H  £,  the  depth  of  the  earUi- 

work  at  the  edge  of  the  base. 

Cflwe  II. — ^When  the  ground,  in  proceeding  fi'om  the  centre  to 
the  edge  of  the  earthwoi^,  slopes  towards  the  base,  as  in  the  left- 
hand  side  of  fig.  158, — 
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»-.AL.J;±.(»-^) (3., 

Here  the  factor  h — *  represents  GD,  the  depth  of  the  eai-th- 

work  at  the  edge  of  the  basa 

Caae  IIL — ^When  the  ground  intersects  .the  base  between  the 
centre  line  and  the  edge  of  the  earthwork,  as  at  Q  in  the  left-hand 
side  of  fig.  159— 

*'=^i'%^^-&-*) (*■) 

Here  the  factor— ®- A  represents  G  D,  the  depth  of  the  earth- 
work at  the  edge  of  the  base. 

The  horizontal  distance  of  the  point  Q  from  the  centre  line  is 
given  by  the  formula 

FQ  =  rA. (5.) 

It  is  obvious  that  the  formulsB  of  this  article  can  be  applied  to 
eases  in  which  the  slope  of  the  earthwork  and  the  rate  of  declivity 
of  the  ground  are  different  at  the  two  sides  of  the  centre  line,  as 
well  as  to  those  in  which  they  are  the  same. 

The  half-breadths  of  the  earthwork,  ft^  +  h',  to  the  right  and 
left  of  the  centre  line  at  a  given  point,  bekig  each  increased 
by  the  bi*eadth  required  for  fencing,  give  the  to^  hcUf-hreacUJis  at 
that  point  (as  stated  in  Article  66,  p.  113);  and  these  being  added 
together,  give  the  toUd  breadth  of  the  land  to  be  taken.  From  a 
aeries  of  those  breadths,  at  different  points  in  the  centre  line,  the 
area  of  kmd  to  be  taken  may  be  calculated  by  the  method  of 
ordinates  explained  in  Article  32,  pp.  33,  34. 

Or  the  total  half-breadths  may  be  plotted  on  a  plan,  the 
boundaries  of  the  land  to  be  taken  drawn  through  them,  and 
the  area  found  by  the  Method  of  Triangles,  p.  33,  or  by  the  use 
of  the  Planimeter,  p.  34. 

185.  €ttlc«latt*M  •f  8«ctl*Mal  Areas  af  Barlliwerk. — The  com- 
putation of  the  areas  of  a  series  of  cross-sections  of  a  piece  of  earth- 
work is  a  step  towards  calculating  its  volume,  or  "  quantity."  If 
the  ground  is  rugged,  it  may  be  necessary  to  find  the  area  of  each 
cross-section  by  measurements  made  upon  a  drawing ;  but  if  the 
ground  is  nearly  or  exactly  level  across,  or  has  nearly  or  exactly  an 
uniform  sidelong  slope,  the  area  of  a  given  cross-section  can  be 
computed  from  the  same  data  which  serve  to  compute  the  breadths 
of  the  slopes;  that  is  to  say. 
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The  natural  slope  of  the  ground, r  to  1; 

The  slope  of  the  earthwork, 5  to  1; 

«        The  half-breadth  of  the  base, 6^; 

The  central  depth, K. 

In  each  case  the  area  of  cross-section  required  will  be  denoted 
by  a 

Problem  First.  To  comptOe  the  area  0/ crass-sedum  0/ a  piece 
qf  earthwork  token  the  ground  is  levd  across,  as  in  fig.  157. 

S  =  FC-GB  =  A(2  6o  +  ft') 

=  2hoh  +  sh^ (1.) 

Problem  Second.  To  compute  the  area  0/ cross-section  of  a  piece 
of  earthwork,  when  the  ground  has  an  wniform  sidelong  dope,  not 
intersecting  the  base,  as  in  fig.  158. 

The  area  of  the  trapezoid  GDEH  =  DE-FC  =  2  6o^; 

B  N  '  H  E 

„        of  the  triangle  B  H  E  = « =  (according  to 

Article  184,  equation  2)  ^U  —  a)'  (^  "*"  r  )^' 
„       of  the  triangle  A  G  D  = 5 =  (according  to 

Article  184,  equation  3)  g  ^!p^  (*  —  ^^)'i 
hence,  adding  those  three  parts  together. 

This  formula  may  also  be  pnt  in  the  following  form : — 

S  =  l^+l'llo  h  +  r^sh*  . 

^2 ^  •   .......\    .J 

Another  mode  of  expressing  the  same  quantity  is  as  follows,* — 
*  Suggested,  bo  far  aa  I  know,  by  Mr.  Thomaa  Roberts. 
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and  ifl  convenient  for  use  in  connection  with  a  table  of  squares : — 
Produce  B  E  and  A  D  till  they  meet  in  E,  in  the  vertical  line 
C  F  produced.     Then 

S  =  triangle  A  B  K  —  triangle  E  D  K 
_  ( A  M  +  B  P)  •  C  K  —  D_E  •  P  K 
-  ~2 

butFK  =  -^  CK  =  *+^;  DE  =  26oaiwi 

8  w 

2  r^ 
A  M  +  B  P  =  o-_^-^  {sh  +  Bq);  consequently 


8=3^(»+^)-f w 


Problem  Thibd.  To  compute  the  areas  o/ihe  two  divisions  of  a 
cross-section  of  earthwork^  when  the  ground  tTUersects  the  base,  as  in 
fig.  159. 

The  cross-section  here  consists  of  two  similar  triangles,  QBE  and 
Q  A  D,  one  of  which  is  in  cutting  and  the  other  in  embankment 
In  the  figure,  the  larger  triangle  is  in  cutting;  the  same  figure 
inverted  will  represent  the  case  in  which  the  larger  triangle  is  in 
embankment  When  Q,  C,  and  F  coincide,  the  triangles  are 
equal 

Let  S'  denote  the  larger  and  S"  the  smaller  triangle.     Then 

_(BP  +  FQ)-EH_(6o  +  rAy. 
"-  2  "■"2(7^1^)' ^^'^ 

^,      (AM^FQ)'DQ_(6o-rA)«  ... 

^  -  2  ""   2{r  —  s) ^   -^ 

186.   CalcalatlMi  ^f  T«lniM  mr  qmuitttlM  •£  ]l«Mhw«rlu. 

Case  L  When  tioo  cross-sections  Sq,  Sj,  are  given,  with  the  longitudinal 
distance  between  them  x,  the  volume  (Y)  of  the  earthwork  between 
those  cross-sections  is  given  approximately,  by  the  following 
formula,  provided  S^  and  S^  are  nearly  equal,  but  not  otherwise : — 

V  =  ic-?«^±^. (1.) 

Case  H.  When  three  equidistant  cross-sections  Sq,  Sj,  Sg,  are  given, 
with  the  total  length  x,  of  the  piece  of  earthwork  between  them,  the 
best  approximation  is, 
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V=ra;-^  +  *g^  +  ^. (2.) 

Cabb  III.  Ttoo  cro$8'8ectio7i8  given,  and  one  assumed, — Equation 
2  may  alao  be  used  to  give  a  closer  approximation  than  equation  1, 
when  the  two  endmost  cross-sections  only  are  given,  S^  and  S^,  bj 
putting  for  S^  the  area  of  an  assumed  cross-section  midway  between 
S^  and  S^;  its  central  depth  being  assumed  to  be  a  mean  between 
the  centnd  depths  of  S^  and  S,,  and  the  sidelong  slope  of  the 
ground  (if  any),  at  S,  a  harmonic  mean  between  those  at  S^  and  Sg. 

When  the  ground  is  level  oorMS,  this  last  process  gives  the  follow- 
ing result : — 

Let  Aq  be  the  central  depth  at  B^; 
ti   ^      99  99         w      *t  Sj; 

then  the  assumed  central  depth  at  S^  is  -^-g-^t  '^^ 

Y  :r.x  {b,{h,  +  f^  +  ,'  ^  +  \'^-^  ^} (3.) 

This  formula  is  called  the  ''Frismoidal  Formula.'*  Another 
form  of  the  same  formula,  convenient  for  use  in  connection  with  a 
table  of  squares,  is  as  follows : — 

Formula  3  is  the  basis  of  Sir  John  Macneill*s  earthwork  tables; 
formula  4  of  Mr.  Henderson's. 

Case  IY.  An  even  number  o/equidisUmi  eross-sectuma  given,  S^ 
Sj^,  Sj,  ^.  .  .  .  S^;  the  distance  from  section  to  section  being 

V=  Aa:{|  +  Si  +  S,  +  &c +^} (5.) 

Case  Y.    An  odd  number  of  equidiataaU  cross-sectums  given,     \ 
^0'  8^,82,^  .  .  .  S.;  the  distance  from  section  to  section  being 


+  2S._,+  4S_i  +  a.}.  j 
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Besides  the  earthwork  tables  already  mentioned,  many  others 
have  been  published,  such  as  Mr.  Bidder's,  Mr.  HaskoU's,  &c 
Sach  tables  generally  give  either  the  mean  secUonal  area  of  a  piece 
of  earthwork  of  a  given  base  and  slope,  and  of  given  depths  at 
the  two  ends,  or  a  number  proportional  to  it ;  which  mean  area  or 
number  being  multiplied  by  the  length,  gives  the  volume. 

Quantities  of  earthwork,  in  Britain,  are  usually  stated  in  cubic 
yards,  while  their  dimensions  ara  given  in  feet  The  expressions 
for  volumes  in  this  Article,  being  suited  for  the  case  in  which  the 
miit  of  volume  is  the  cabe  described  upon  the  linear  unit,  require 
to  be  divided  by  27,  when  the  dimensions  are  in  feet,  to  reduce  the 
volumes  to  cubic  yards. 

Sometimes,  while  the  breadths  and  depths  are  given  in  feet,  the 
lengths  are  stated  in  chains  of  66  feet;  and  in  tiiat  case,  to  give 
the  volumes  in  cubic  yards,  the  expressions  in  this  Article  should 
be  midtiplied  by 

27-  9  -^***- 

Sbction  III. — 0/  the  Execution  of  Earthwork 

187.  llAitaf*  and  Trial  Shafts.~The  ordinary  method  of  ascer- 
taining the  nature  of  the  material  to  be  excavated,  previous  to  the 
undertaking  or  execution  of  any  piece  of  eai-thwork,  is  by  boring  a 
vertical  hole  of  about  3  j  or  4  inches  in  diameter  in  the  ground, 
and  bringing  up  specimens  of  the  materials  pierced  through  at 
different  depths. 

Inasmuch,  however,  as  the  specimens  of  materials  so  brought  up 
are,  in  general,  reduced  to  chips  or  to  powder  by  the  action  of  the 
boring-tool,  and  sometimes  to  paste  or  mud  by  the  action  of  the 
water  which  is  poured  into  the  hole  to  keep  the  tool  cool,  and 
fiunlitate  its  working  in  hard  strata,  the  information  obtained  by 
boring  is  not  wholly  satisfactory ;  for  although  it  shows  the  min- 
eralogicai  composition  of  the  materials  found  at  different  depths,  it 
leaves  their  probable  stability  in  earthwork  doubtful,  except  in  so 
&r  as  it  can  be  iufeiTed  from  the  resistance  met  with  by  the  boring 
tool ;  and  this  source  of  information  is  available  to  the  engineer  or 
contractor  at  second-hand  only,  through  the  statements  of  the 
borerfL  The  smallness  of  the  hole,  too,  makes  the  results  of  borings 
doubtful ;  for  what  seems  to  be  a  stratum  of  rock  may  sometimes 
prove  to  be  only  a  solitary  block  or  boulder. 

To  ascertain  completely  the  nature  and  qualities  of  the  materials 
of  an  intended  cutting,  trial-shafts  or  pits  should  be  sunk  down  to 
the  level  of  its  bottom.     The  expense  and  time  required  for  sinking 
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shafts  make  it  impracticable  to  use  them  excludvelj.  The  best 
method  is  to  combine  shafts  with  borings,  by  sinking,  in  every  im- 
portant proposed  cutting,  one  shaft  at  least,  which  should  in  general 
be  at  the  point  of  greatest  depth,  and  making,  besides,  a  series  of 
borings  at  points  200  or  300  yards  apart  These  borings  will  be 
sufficient  to  show  whether  any  change  in  the  strata  occui's  sufficient 
to  make  it  advisable  to  sink  one  or  more  additional  shafts  in  a 
given  cutting. 

Boring  tools  are  made  of  wrought  iron,  steeled  at  the  cutting 
edges  and  points.  They  are  usually  about  3  feet  long,  or  a  little 
more,  about  one-half  of  the  length  being  the  tool  or  boring  instru- 
ment proper,  and  the  remainder  the  shank,  which  is  a  bar  of  IJth 
inch  square  or  thereabouts,  having  a  screw  at  its  upper  end 
to  connect  it  with  the  first  of  the  lengthening  rods.  These  are 
square  bars,  usually  about  10  feet  long,  of  the  same  diameter  with 
the  shank  of  the  boring  tool,  with  screws  at  their  ends  by  which 
they  can  be  united  together  to  any  length  required  by  the  depth  of 
the  bore.  The  uppermost  rod  is  capable  of  being  hung  by  a  swivel 
and  rope  from  a  triangle  or  shears  set  up  over  the  bore-hole,  in 
order  to  haul  up  the  rods  when  required.  The  workiiig  part  of  the 
tool  is  made  of  various  figures,  for  penetrating  various  materials. 
The  commonest  forms  are  the  auger,  the  worm,  and  the  jumper. 
The  auger,  which  is  used  for  boring  all  ordinary  earths,  shale,  and 
soft  rock,  is  formed  like  a  hollow  cylinder,  about  3j-inches  in 
diameter,  with  an  open  sharp-edged  slit  along  one  side,  and  slightly 
contracted  at  the  lower  end,  which  sometimes  (for  boring  soft  rock) 
has  a  small  spiral  point  like  that  of  a  gimlet.  It  brings  up  speci- 
mens of  the  material  bored  in  the  inside  of  its  hollow  cylindrical 
body. 

The  worm  is  a  sharp  pointed  spiral,  used  for  boring  rock  too  hard 
to  be  pierced  by  the  auger.  After  the  rock  has  been  pierced  by  the 
worm,  the  auger  is  used  to  enlarge  the  hole  and  bring  up  the 
fragments. 

Both  the  auger  and  the  worm  are  worked  by  turning  them  con- 
tinuously round  towards  the  right  (that  is,  in  the  direction  of  the 
motion  of  the  hands  of  a  watch),  by  means  of  a  cross-head  six  feet 
long,  or  thereabouts,  driven  by  two  men. 

To  pierce  rock  that  is  too  hard  for  the  worm,  a  jumper  is  used 
Jumpers  are  of  various  figures;  some  flat,  like  a  chisel,  with  a  sharp 
edge  at  the  lower  end;  some  square,  with  a  four-sided  pyramidal 
point,  like  a  poker;  some  spear-pointed.  The  jumper  is  worked 
by  raising  it  a  short  distance  and  letting  it  drop,  turning  it  a  little 
way  round  after  each  blow.  It  is  sometimes  simply  hung  by  a 
rope,  instead  of  being  screwed  to  the  lower  end  of  the  lengthening 
rods.     The  materials  broken  by  the  jumper  are  sometimes  brought 
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up  by  the  anger,  sometimes  by  a  sort  of  backet  on  the  top  of  the 
jumper  itself. 

Bores  in  very  soft  materials  sometimes  require  to  be  lined  with 
a  series  of  cast  or  wrought  iron  pipes,  pushed  down  as  the  bore 
proceeds,  to  prevent  its  sides  from  falling  in;  the  lowest  pipe  having 
a  shai-p  serrate^  edge.  These  pipes  may  be  made  to  screw  together, 
80  that  they  can  be  hanled  up  again. 

The  depth  of  a  layer  of  moss,  mud,  or  quicksand,  at  the  surface 
of  the  ground,  is  sometimes  probed  or  sounded  with  a  long  slender 
iron  rod  caUed  a  pricker. 

The  operations  of  sinking  shafts  will  be  described  further  on, 
under  the  head  of  Tuitkeluno. 

In  marking  the  results  of  borings  and  trial  shafts  on  a  section 
(see  Article  11,  p.  10,  and  Article  17,  p.  15),  care  Ia  to  be  taken  to 
show  nothing  on  the  paper  except  the  facts  actually  observed,  all 
conjectural  sections  of  the  strata  lying  between  the  borings  and 
pits,  whether  marked  by  outlines,  colour,  shadings,  or  words,  being 
rigidly  excluded.  The  insertion  of  such  conjectural  sections, 
although  it  improves  the  appearance  of  the  drawing,  and  makes  it 
more  readily  intelligible,  is  done  at  the  risk  of  misleading  con- 
tractors, and  involving  the  companies  and  engineers  in  heavy 
responsibility.  The  result  of  the  pits  and  borings  being  shown 
exactly  as  observed,  contractors  and  others  are  Idt  to  draw  their 
own  conclusions  as  to  the  intermediate  strata. 

188.  B^HaUxiBf  Biwi]iw*rk  is  a  term  applied  to  the  process  of  so 
adjusting  the  formation  level  of  an  intended  work,  that  the  earth 
&om  the  cuttings  shall  be  as  nearly  as  possible  sufficient  to  make 
the  embankments,  and  no  more.  The  art  of  making  this  adjust- 
ment by  the  eye  upon  a  section  of  the  ground  with  sufficient 
accuracy  is  soon  acquired  by  practica  In  most  cases  it  is  essential 
to  economy  in  the  cost  of  the  work;  for  any  surplus  of  embank- 
ment over  cutting  must  be  made  up  from  '^  side  cutting;"  and  the 
earth  from  any  surplus  of  cutting  over  embankment  must  be 
formed  into  "  spoil  banks;"  both  of  which  works  involve  additional 
cost  for  labour  and  land.  But  cases  sometimes  occur,  in  which  it 
is  more  economical  to  make  an  embankment  from  side-cutting 
close  at  hand,  than  to  bring  the  necessary  material  from  a  far 
distant  cutting  on  the  line  of  works,  or  in  which  it  is  more 
economical  to  throw  part  of  the  material  from  a  cutting  into  a 
spoil  bank,  than  to  send  it  to  a  &r-distant  embankment  on  the 
line  of  works;  and  these  points  must  be  decided  by  the  engineer  to 
the  best  of  his  judgment  in  each  particular  case. 

189.  The  Temponirf  FenciBg,  erected  before  the  earthwork  is 
commenced,  should  enclose  all  the  ground  reqtured  for  the  under- 
taking; that  is  to  say,  it  should  run  along  the  outer  boundary  of 
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the  strip  of  land  which  is  to  be  taken  beyond  the  edge  of  the 
earthwork,  and  whose  breadth  is  added  to  the  half-hreadths  of  the 
earthwork  in  calculating  and  setting  out  the  total  half-breadths 
(p.  113).  In  the  open  country,  where  the  pennanent  fence  is  to 
be  a  hedge  and  ditch,  the  breadth  of  that  strip  of  land  is  usually 
about  nine  feet;  but  where  ground  is  valuable,  as  amongst  gardens 
and  pleasure-grounds,  and  in  towns  and  suburbs,  smaller  breadths 
are  used,  as  to  which  no  general  rule  can  be  laid  down. 

The  temporary  fence  usually  consists  of  posts  and  raOs  of  larch 
or  oak;  the  posts  being  from  4  feet  to  4  feet  6  inches  apart,  about 
6  feet  long,  dbiven  £rom  2  feet  to  2  feet  6  inches  into  the  ground, 
from  4  to  6  inches  broad  in  a  direction  (Across  the  fence,  and  about 
3  inches  thick  in  a  direction  along  the  fence ;  the  rails  about  9  or 
10  feet  long,  3  inches  deep,  and  1^  inch  thick,  scarfed  in  mortises 
in  every  second  post  Sometimes  the  posts  in  which  the  ifdls  are 
scarfed  are  made  stronger  than  the  intermediate  posts,  and  have 
diagonal  stays  to  increase  their  stability,  the  foot  of  eeush  stay 
being  nailed  to  a  small  stake  about  2  feet  long. 

The  best  site  for  permanent  marks  of  the  line  and  levels  is  near 
the  fence  (pp.  110,  111). 

K  the  soil  is  wet,  a  catcktoater  drain  may  be  made  at  the  same 
time  with  the  temporary  fencing,  at  one  or  both  sides  of  the  earth- 
work, commencing  at  its  outfall  into  an  existing  main  drain  or 
water  course,  and  working  upwards.  When  the  ground  has  a  side- 
long slope  the  catchwater  drain  is  indispensable  at  the  up-hill  side 
of  the  earthwork.  Thus,  in  fig.  160,  A  B  is  part  of  the  base  and 
B  C  one  of  the  slopes  of  an  intended  cutting;  C  G  is  part  of  the 
natural  ground,  sloping  downwards  towards  0;  D  is  a  catchwater 


A. B 


Fig.  160.  Pig.  161. 

drain,  to  prevent  surface  water  running  from  G  towards  C  from 
injuring  the  slope  of  the  cutting.  In  fig.  161,  A  B  is  part  of  the 
base  and  B  C  one  of  the  slopes  of  an  embankment ;  £  F  is  part  of 
the  natural  ground,  sloping  downwards  from  F  towards  E;  D  is  a 
catchwater  drain,  to  prevent  surface  water  running  from  F  towards 
Ofrom  collecting  at  0  and  injuring  the  embankment.  The  catch- 
water drain  may  be  an  open  ditch^  in  ordinary  cases  from  3  to  4 
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feet  wide  and  from  2  to  3  feet  deep ;  or  it  may  be  an  underground 
draiii,  built  of  stone  Or  brick,  or  made  of  earthenware  tubes  (as  in 
the  figures),  with  broken  stone  or  dean  gravel  above  it 

191.  siripj^iBs  tke  0*ii. — The  soil  or  vegetable  mould  should  be 
stripped  £rom  the  site  of  an  intended  piece  of  earthwork,  and  laid 
down  near  the  fence,  in  order  that  it  may  be  afterwards  used  to 
re-soil  the  slopes  of  the  earthwork.  The  usual  depth  of  soil  spread 
on  these  slopes  varies  from  3  to  6  inche& 

192.  C}«a«rai  apw9!ammm  •£  Cattias. — Where  there  is  no  reason 
to  the  contrary,  it  is  desirable  that  the  base  of  a  cutting  should 
We  a  declivity  towards  the  point  at  which  the  work  of  excavation 
is  commenced;  for  this  renders  more  easy  the  removal  of  the  earth 
in  wagons,  and  the  temporary  and  permanent  drainaga 

A  cutting  is  usually  commenced  (if  the  earth  will  stand  for  a 
time  with  vertical  sides)  by  making  a  '*  gullet,"  or  vertical-sided 
excavation,  wide  enough  to  contain  one  or  more  lines  of  tem- 
porary rails  for  the  passage  of  earth  wagons.  The  widening  of 
the  catting  to  its  full  width,  and  the  formation  of  the  slope, 
should  be  carried  on  so  as  never  to  be  far  behind  the  head  or  most 
advanced  end  of  the  gullet;  for  the  strain  thrown  on  a  mass  of 
earth  by  standing  for  a  time  with  a  vertical  face  has  a  tendency  to 
produce  cracks,  which  may  extend  beyond  the  position  of  the 
intended  slopes,  and  so  render  the  sides  of,  the  cutting  liable  to  slip 
a^  they  have  been  finished.  The  advanced  end  of  a  cutting 
of  considerable  depth,  and  the  parts  of  its  sides  whose  slopes  have 
not  been  fmished,  consist,  while  the  work  is  in  progress,  of  a  series 
of  steps  or  stages  called  '*  lifts,"  rising  one  above  another  by  six 
or  eight  feet,  or  thereabouts,  the  excavators  working  at  the  fitoes 
of  these  lifts  so  as  to  carry  them  on  together. 

^m  faces  at  the  end  or  sides  of  the  gullet,  the  earth  is 
shovelled  directly  into  the  wagons.  From  the  other  faces  of  the 
cutting,  the  eartih  is  wheeled  in  bairows  along  planks  to  points 
from  which  it  can  be  tipped  into  the  wagons. 

193.  ]>mlMlii8  the  Baae  aadi  Stoics. — ^At  the  foot  of  each  slope  of 
a  cutting  it  is  almost  always  necessary  to  have  a  longitudinal 
draiu  called  a  "  side-drain,"  of  from  6  inches  to  2  feet  deep  accord- 
^g  to  the  circumstances  of  the  case.  It  may  be  a  small  open 
ditch,  or  a  channel  pitched  and  &ced  with  stone,  or  a  covered  stone 
or  brick  drain,  or  a  line  of  tubes  (as  at  E,  fig.  160)  with  broken 
stone  or  gravel  above:  It  may  receive  the  waters  of  branch 
drams  running  across  the  base,  should  such  be  found  necessary,  and 
^  of  branch  drains  laid  in  the  slopes,  as  F,  fig.  160.  When  the 
l&tter  are  tubes,  they  may  in  general  be  laid  about  2^  feet  below 
^^e  surface.  It  is  in  general  advisable  so  to  place  the  side-drain 
^  that  its  bottom  shall  not  be  below  the  prolongation  of  the  plane 
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of  the  slope  B  C,  unless  there  ia  a  retaining  wall ;  otherwise  it  may 
cause  that  slope  to  slip,  and  may  itself  be  crushed  or  choked 

Springs  rising  in  cuttings  require  special  drains  to  carry  away 
their  waters. 

194.  The  liaMv  •£  BariiiwMk,  in  ordinary  cases,  consists  of 
getting,  or  excavating;  filing  into  barrows  or  wagons;  wheding 
in  bcuTOWs;  leading  in  wagons;  and  teeming  or  tipping — that 
is,  depositing  the  earth  in  the  embankment  where  it  is  to  rest 
Other  processes  required  in  special  cases  will  be  considered  farther 
on. 

The  labour  of  getting  the  earth  depends  mainly  upon  its  adhesion. 
Loose  sand  and  gravel,  soft  vegetable  mould  and'peat,  can  be  dag 
with  the  shovel  or  the  spade  alone;  stiffer  kinds  of  earth  require  to 
be  loosened  with  the  pick  before  hieing  shovelled  into  barrows,  and 
in  some  cases,  with  crowbars,  wedges,  or  stakes;  the  softest  kinds 
of  rock  can  be  broken  up  with  the  pick  or  crowbar;  harder  kinds 
require  the  action  of  wedges;  harder  still,  especially  if  &ee  from 
natural  fissures,  need  blasting  by  gunpowder,  which  will  be  treated 
in  a  separate  article. 

Wheeling  in  barrows  is  performed  upon  planks,  whose  steepest 
inclination  should  not  exceed  1  in  12,  iinless  the  men  are  assisted 
by  means  of  ropes  and  winding  machinery. 

Leading  is  performed  upon  light  temporary  rails,  in  wagons 
called  "  earth-wagons,"  whose  bodies  can  be  tipped  over  by 
turning  on  a  pair  of  horizontal  trunnions,  so  as  to  empty  the  earth 
out :  they  are  drawn  by  horses  or  by  small  locomotive  engines. 

The  labom*  of  shovelling  a  given  weight  of  earth  into  barrows, 
and  that  of  wheeling  it  from  the  face  of  the  cutting  to  a  given  point, 
tipping  it  into  the  wagons,  and  leading  it  a  given  distance,  are 
nearly  the  same  for  most  ordinary  kinds  of  earth.  For  a  given 
bulk  of  earth,  the  labour  of  those  operations  vaiies  nearly  as  the 
heaviness  of  the  earth. 

In  order  to  execute  an  excavation  with  speed  and  economy,  it  is 
necessary  to  fix  correctly  both  the  absolute  and  the  proportionate 
numbers  of  pickmen,  Revellers,  and  wheelers,  or  bwrowmen,  so 
that  all  shall  be  constantly  employed.  The  only  method  of  doing 
this  exactly,  in  any  particular  case,  is  by  trial  on  the  spot;  but  an 
approximation  may  be  made  beforehand  by  estimating  &om  the 
data  of  experience. 

The  absolute  mmJber  of  exca/vatore  working  at  the  face  of  a 
cutting  is  determined  by  the  horizontal  extent  of  fiax^  at  which 
cutting  is  in  progress  at  once ;  one  excavator  to  five  or  six  feet  of 
breadth  of  face,  is  about  as  close  as  they  can  be  placed  without 
getting  in  each  others*  way. 

The  proportion  of  wlieders  to  shovellers  may  be  estimated  ap- 
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proximately  bj  the  hct^  that  a  ahoveller  takes  about  as  long  to  fin 
an  ordinary  barrow  with  earth  as  a  wheeler  takes  to  wheel  a  full 
barrow  about  100  or  120  feet,  on  a  horizontal  plank,  and  return 
with  an  empty  barrow. 

If  the  full  barrow  has  to  be  wheeled  up  an  asoent,  each  foot  of 
riBe  is  to  be  considered  equivalent  to  six  additional  feet  of  horizontal 
distance. 

Hence  the  following  approximate  formula : — 

Let  /  be  the  horizontal  distance  that  the  earth  has  to  be  wheeled, 
and  h  the  height  of  asoent,  if  any;  then 

I    \    ft  K 

number  of  wheelers  to  one  shoveller  =  -= ,/x/x  ^    ^c^^^    .  (1.) 

from  100  to  120  feet  ^   ' 

The  number  of  hofrrowa  required  for  each  shoveller  is  one  more 
than  the  number  of  wheelers. 

A  shoveller  will  throw  each  shovelful  of  earth  from  6  to  10  feet 
Horizontally,  or  from  4  to  5  feet  vertically  upward&  If  the  earth 
is  to  be  thrown  by  the  shovel  to  greater  distances  or  heights,  two 
or  more  ranks  of  shovellers  must  be  employed. 

The  proportion  of  the  pickmen  to  the  shovellers  (in  a  single  rank) 
depends  on  the  stifiTness  of  the  ear&    The  following  are  examples : — 

PIckmeD  to 
MM  Shordkr. 
Loose  sand  and  vegetable  mould, o 

Compact  earth, \ 

Ordinary  day, from  ^  to  z 

Hard  day, „    i^  to  2. 

^^h  is  designated  as  "  earth  of  one  man,"  if  one  shoveller  can 
keep  one  line  of  wheelers  at  work;  "  earth  of  a  man  and  a-half,"  if 
two  shovellers  and  a  pickman  are  needed  to  keep  two  lines  of 
^heelers  at  work;  "earth  of  two  men,"  if  one  shoveller  and  one 
pickman  can  keep  one  line  of  wheelers  at  work ;  and  generally, 
^*  earth  of  so  many  men,"  according  to  the  number  of  shovellers  and 
pickmen  tc^ther  who  are  required  to  keep  one  line  of  wheelers  at 
▼ork.  Let  m  denote  that  number;  then  the  total  number  of 
^ovellers,  pickmen,  and  wheelers  for  each  line  of  wheelers,  will  be 
•pproximatdy 

^  =  "*"'fiomlOo'to  120  feet- (^•> 

The  rate  at  which  the  cutting  may  be  expected  to  advance,  if 
^0  special  difficulties  occur,  may  be  estimated  for  each  Hne  of 
^heders  (or  for  each  shoveller  in  one  rank),  at  about 

2 
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20  cubic  yards  of  loose  sand,  or  mould,         )         , 
or  16  cubic  yards  of  clay,  or  compact  eariib,  /  ^^     ^' 

The  labour  of  excavating  is  often  considerably  lessened,  especially 
in  widening  a  gullet  at  the  sides,  by  undermining  large  masses  of 
earth  from  below,  and  loosening  them  by  driving  stakes  behind 
them  from  above.     This  is  called  '^  falling." 

An  earth-wsgon  holds  about  as  much  as  50  wheel-barrows,  and 
if  drawn  at  the  walking  pace  of  a  horse,  its  speed  may  be  taken  as 
about  one-fifth  greater  than  that  of  the  wheel-barrows;  so  that  it 
is  equivalent  to  about  60  wheel-barrows;  and  one  earth- wagon 
going  and  returning  a  distance  of  about  6,000  feet  horizontally, 
while  another  stands  to  be  filled,  will  keep  one  shoveller  at  work. 
If  loaded  wagons  have  to  be  drawn  up  an  ascent,  and  the  tem- 
porary rails  are  in  moderately  good  order,  each  foot  of  ascent  may 
be  considered  as  equivalent  to  about  150  feet  of  additional  hori- 
zontal distance.  Hence  let  L  be  the  horizontal  distance  in  feet  to 
which  the  earth  is  to  be  led  in  earth- wagons  drawn  by  horses,  H 
the  ascent,  in  feet,  if  any ;  then  the  number  ofshovdlers  (in  single 
rank)  to  each  eaaihrwagon  in  motion  at  one  tiTne,  is  about, 

6,000  .«. 

=  L  +  150H ^^'^ 

and  the  reciprocal  of  this  expresses  the  earth^ioagone  or  JracHons  of 
an  earthrVMgon  in  motion  at  one  time  per  shovdler;  but  additional 
wagons,  as  to  which  no  precise  rule  can  be  laid  down,  must  be  pro- 
vided, in  order  to  allow  for  those  which  are  standing  to  be  filled, 
and  for  those  which  are  in  the  act  of  being  tipped  and  reversed. 
With  locomotive  engines  the  speed  can  be  increased,  and  the 
number  of  wagons  proportionally  diminished.  The  preceding 
calculations  have  reference  to  wagons  which  hold  from  2  to  22 
cubic  yards  of  earth,  or  thereabouts,  the  weight  of  which  is  from  2| 
to  3  tons,  the  weight  of  the  wagon  itself  being  between  a  ton  and 
a  ton  and  a-half.  The  friction  being  taken  at  151ba  per  ton  (or 
1  —  150th  of  the  gross  load  nearly),  the  force  required  to  draw  a 
wagon,  or  train  of  wagons,  either  on  a  level,  or  up  or  down  a  given 
declivity,  can  easily  be  calculated.  In  estimating  the  number  of 
horses  required,  the  force  which  a  horse  can  exert  when  walking 
slowly  may  be  estimated  at  about  120  lbs. 

When  the  leading  of  earth  is  performed,  not  in  wagons  or 
temporaiy  rails,  but  in  two-wheeled  one-horse  carts  on  an  ordinary 
roadway,  the  number  of  such  carts  required  may  be  approximately 
computed  from  the  data,  that  the  net  load  of  each  such  cart  is 
about  equal  to  that  of  twelve  wheel-barrows,  and  its  average  speed 
going  and  returning  about  one-sixth  part  more  than  that  of  a 
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wheel-liarrow,  so  that  each  cart  in  motion  is  equiTalent  to  about 
fourteen  wheel-bairows  in  motion.  In  this  as  in  the  preceding 
cade,  in  computing  the  total  number  of  carts,  allowance  must  be 
made  for  those  which  are  standing  to  be  filled,  and  those  which  are 
being  tamed  and  tipped. 

19o.  BcachM  on  tiie  sides  of  cuttings  are  small  platforms,  level 
transverselj,  seldom  exceeding  about  six  feet  in  breadth.  They 
are  sometimes  used  in  very  deep  cuttings,  for  the  purpose  either  of 
intercepting  the  fall  of  boulders  and  pieces  of  rock  from  the  higher 
slopes,  or  of  &cilitating  the  drainage.  A  bench  ouffht  to  have  a 
slight  declivity  lengthwise,  and  at  ^e  foot  of  the  slope  above  it 
there  should  be  a  side-drain  like  that  at  the  side  of  the  base  (E, 
%  160,  p.  334),  to  catch  and  carry  away  all  the  surface-water 
from  that  slope. 

196.  PvereatlMi  •#  Wif — As  the  slipping  of  the  sides  of  cuttings 
is  caused  by  the  action  of  water,  its  prevention  is  promoted  by 
efficient  ordinary  drainage,  as  described  in  Article  189,  p.  334,  and 
Article  193,  p.  335.  When  ordinary  methods  of  drainage  are 
insufficient,  other  expedients  must  be  adopted,  such  as  the  foUow- 
ing : — ^To  make  the  branch-drains  of  the  slope  vezy  numerous  and 
dose;  to  make  special  drains  for  carrying  down  to  the  side-drain 
of  the  cuttingB,  the  waters  of  such  springs  as  may  flow  from  the 
slope;  to  face  the  slope  with  a  well-packed  layer  of  stones  laid  dry, 
from  6  to.  18  inches  thick,  according  to  the  circumstances  of  the  case ; 
to  cut  away  a  portion  of  the  lower  part  of  the  slope,  and  form  in  the 
space  so  left  a  bank  of  gravel  or  shivers  of  stone,  against  which  the 
elope  of  earth  may  abut,  with  counterforts,  made  by  digging 
trenches  at  right  angles  to  the  gravel  bank,  and  filling  them  with 
gravel;  this  combination  acts  both  as  a  retaining  waJl  and  as  a 
system  of  drains;  to  build  at  the  foot  of  the  slope,  so  as  at  once 
to  support  and  drain  it,  either  a  dry  stone  retaining  wall,  or  a 
vail  of  brick  or  masonry  laid  in  mortar,  backed  with  a  vertical 
layer  of  dry  stones;  to  intercept  underground  waters  on  their  way 
towards  the  slope,  by  means  of  a. drift  or  mine. 

Betaining  walls  will  be  further  treated  of  under  the  head  of 
Masonbt,  and  drifts  under  that  of  Tuiweluko. 

In  some  instances,  all  remedies  for  slipping  are  found  unavailing, 
and  the  material  must  be  allowed  to  find  its  own  angle  of  repose, 
care  being  taken  to  remove  the  earth  which  slides  down  fipom  time 
to  time,  and  to  acquire  the  necessary  additional  land. 

197.  BBttlMMwn  mi  BBtkaaloMMtt.  —  Embankments  subside  or 
settle  after  their  first  formation,  to  an  extent  which  varies  consid- 
erably for  difierent  materials  and  under  difierent  circumstances, 
being  seldom  less  than  one-twe^,  and  seldom  more  than  one-fijth,  of 
the  original  height     The  best  method  of  ascertaining  the  probable 
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proportionate  aettlement  of  a  proposed  embankment  is  by  an 
experiment  on  a  short  length  of  it;  allowance  for  the  settlement  so 
ascertained  most  then  be  made  in  constructing  the  remainder  of 
the  embankment 

198.  The  i»iirtribaitoa  mt  Batthwark  means  the  arrangement  by 
which  the  materials  obtained  from  different  parts  of  the  cuttings 
are  distributed  amongst  different  parts  of  the  embankments,  so  as 
to  insure  the  least  possible  eiqpenditure  of  labour  in  the  leading  or 
conveyance  of  the  eartL  To  attain  this  object,  two  rules  are  to 
be  followed  as  closely  as  may  be  practicable; — ^to  fill  each  portion 
of  embankment  from  the  fMorwt  accesaibU  portion  of  cutting;  and 
to  take  care  that  the  several  routes  by  which  earth  is  conveyed 
from  cutting  to  embankment  shall  not  cross  each  other. 

The  fMova  dulance  of  lead,  from  a  division  of  a  cutting  to  that 
division  of  an  embankment  which  is  filled  from  it,  is  nearly  equal 
to  the  distance  between  their  centres  of  gravity. 

199.  Omwal  Opcmtoaa  mi  BMkaaklac.— The  best  materials  for 
embankments  are  those  whose  frictional  stability  is  the  greatest  and 
the  most  permanent,  such  as  shivers  of  rock,  shingle,  gravel,  and 
clean  sand.  Clay  also  forms  safe  embankments,  provided  it  is  dry, 
or  nearly  dry,  when  laid  down.  Wet  clay,  vegetable  mould,  and 
mud,  are  unfit  for  use  in  embankments ;  so  also  is  peat»  except  with 
certain  precautions  to  be  afterwards  mentioned. 

An  embankment  may  be  made  in  three  ways : — L  In  one  layer. 
II.  In  two  or  more  thick  layers.     IIL  In  thin  layers. 

L  In  one  layer, — ^This  being  the  cheapest  and  quickest  method, 
consistent  with  stability,  is  that  followed  in  all  earthworks  in 
3B/     which  there  is  no  special  reason  to  the 
contrary.     In  fig.  162,  BAG  repre- 
sents the  natural  surface  of  the  ground; 
^^^_^  D  A  part  of  the  base  of  a  cutting; 

o  A  E  C  an  embankment,  theconstruction 

Fig.  16S.  of  which  is  carried  forward  in  the 

direction  A  E  of  its  full  width  and  height  (including  a  sufficient 
allowance  for  subsidence),  by  running  earth- wagons  on  temporaiy 
rails  from  the  cutting  along  the  top  of  the  embankment,  and  tipping 
them  at  E,  so  that  the  eai^  runs  down  and  spreads  itself  over  the 
slomng  end  E  C  of  the  bank,  which  is  called  the  ''tip." 

The  sloping  lines  parallel  to  E  0  represent  a  series  of  successive 
previous  positions  of  the  tip,  as  the  embankment  advanced  from  A« 
No  tipping  over  the  sides  of  embankments  should  be  allowed; 
for  the  earth  so  tipped  is  liable  afterwards  to  slip  off 

II.  In  thick  layer$, — This  process  has  been  used  in  some  em- 
bankments of  ffreat  height  It  consiBts  in  completing  the  oonstnic- 
tion  of  the  enuMmkment  up  to  a  certain  height  bj  the  process  of 


341 

tipping  over  the  end  already  described  j  leaving  that  layer  for  a 
time  to  settle,  and  then  making  a  second  layer  in  the  same  way, 
and  so  on.  It  involvea  mnch  additional  time  and  labour,  and  is 
seldom  employed.  It  is,  however,  useful  in  making  embankments 
of  hard  clay  or  shale,  which,  when  first  tipped,  consistB  of  anyilar 
lumps  that  lie  with  vacant  spaces  between  them,  and  do  not  form  a 
compact  mass  until  partially  softened  and  broken  down  by  the 
action  of  air  and  moisture. 

III.  In  thin  layers, — This  process  consists  in  spreading  the  earth 
in  horizontal  layers  of  from  9  inches  to  18  inches  deep,  and  ramming 
each  layer  so  as  to  make  it  compact  and  firm  before  laying  down 
the  next  layer.  Being  a  tedious  and  laborious  process,  it  is  used  in 
special  cases  only,  of  which  the  principal  are,  the  filling  behind 
retaining  walls,  behind  wings  and  abutments  of  bridges  and  culverts, 
and  over  their  arches,  and  the  embankments  of  reservoirs  for 
water. 

The  labour  of  spreading  earth  in  layers  and  ramming  it  may  be 
estimated^  in  general,  at  from  onoe-amd-ardxth  to  once-ofnd-^k'ifwrd 
that  of  shovellmg  it  into  a  bfiarow.    (See  Article  194,  p.  337.) 

200.  BHib«akiac  Mi  mmmc  OMwid.— When  the  natural  ground 
has  a  steep  sidelong  slope,  it  is,  in  general,  necessary  to  cut  its  sur- 
face into  steps  before  making  the  embankment,  in  order  that  the 
latter  may  not  slide  down  the  slope.  In  the  cross-section,  fig.  163, 
the  dotted  line  A  B  repre- 
sents the  natural  sur&ce  of 
ihe  ground,  Q  £  B  a  side- 
cutting,  and  A  D  Q  an  em- 
bankment, resting  on  steps 
which  have  been  cut  be- 
tween A  and  Q.  The  best 
position  for  those  steps  is  **  ***• 
perpendicular  to  the  axis  of  grealeat  preseure,  whose  inclination 
to  the  vertical  is  given  by  equation  14  of  Article  183,  p.  322;  so 
that,  if  A  D  is  inclined  at  the  angle  of  repose,  the  steps  near  A 
should  be  inclined  to  the  horizon,  in  the  opposite  direction  to  A  D, 
at  the  angle  given  by  equation  16,  p.  322;  while  the  steps  near  Q 
may  be  level  It  is  better  to  make  the  steps  steeper  than  the  in- 
clination given  by  this  principle  than  to  make  them  flatter. 

201.  SMiMUiklMg  •Tcr  aad  ■€•*  Wmmmmef,—In  embanking  over 
culverts  (that  is,  covered  drains  of  masonry  or  brickwork),  near 
retaining  walls,  or  near  the  abutment  and  wing  walls  of  bridges, 
care  must  be  taken  not  to  injure  the  masonry  by  shocks  from  the 
&11  of  earth,  or  by  ill-distributed  or  sudden  pressures. 

For  the  purpose  of  preventing  shocks,  the  precaution  is  taken 
already  mentioned  in  Article  199,  above^  of  spreading  the  earth  in 
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immediate  contact  with  the  maaoniy  in  thin  lajerB,  and  ramming 
each  layer.  For  thia  purpose,  diy  materials  should  be  chosen,  that 
will  let  water  drain  off  easily,  such  as  shivers  of  stone,  gravel,  and 
dean  coarse  sand.  This  rammed  earth  should  fill  aH  the  space 
between  the  wing  walls  of  bridges,  and  extend  back  ^m  retaining 
walls,  and  &om  the  abutments  of  bridges  and  culverts,  ten  feet  or 
thereabouts.  Over  the  arches  of  culverts,  the  earth  ranyned  in 
thin  layers  should  rise  to  at  least  half  the  height  of  the  proposed 
embankment;  the  remainder  may  be  tipped  in  the  common  way. 

For  the  purpose  of  preventing  unequal  lateral  pressures  agaonst 
bridges  and  large  culverts,  care  should  be  taken  (by  the  aid,  if 
necessary,  of  timber  platforms  to  carry  the  temporaiy  rails),  that  the 
embankment  is  carried  up  at  both  sides  of  the  structure  at  once, 
and  as  nearly  as  possible  to  the  same  height  at  the  same  time. 

202.  »i«lMifl0  mi  BaAMdMMMa.— The  position  and  use  of  the 
catchwater  drain  near  the  foot  of  the  slope  has  already  been  ex- 
plained in  Article  189,  p.  334.  The  construction  of  culverts,  for 
carrying  drainage-water  below  embankments,  will  be  treated  of 
under  l^e  head  of  Majsonbt.  Ground  in  which  springs  rise  should 
be  avoided  altogether,  if  possible ;  but  if  it  is  absolutely  necessary 
to  embank  over  a  spring,  a  culvert  may  be  built  to  carry  its  water 
clear  of  the  embanlnaent 

203.  BMkwikMCBK  im  m  Cta«at  Pliiter— When  a  line  of  conveyance 
is  carried  acit)6S  an  extensive  plain,  it  is  almost  always  necessary,  in 
order  to  keep  its  surface  dry,  that  it  should  be  raised  above  the 
general  level  of  the  ground;  and  where  inundations  occur,  the 
requisite  height  may  be  conidderable.     In  fig.  164,  A  represents  a 
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Fig.  164. 

cross-section  of  an  embankment  for  this  purpose,  the  materials  for 
which  are  obtained  by  digging  a  pair  of  trendies,  B,  C,  alongside  of 
it  These  trenches,  by  collecting  surface-water  and  discharging  it 
into  the  nearest  river  or  other  main  drainage  channel,  tend  to 
shorten  the  duration  of  floods  in  the  neighbourhood  of  the  line. 

204.  BHikwikMCBis  Mi  mmA  ^kwrnmrnd^-^Whea  the  ground  is  so  soft 
that  an  embankment  made  in  the  ordinary  way  would  sink  in  it, 
different  expedients  are  to  be  employed,  according  to  the  kind  and 
degree  of  difliculty  to  be  overcome.  The  following  list  of  expedients 
is  arranged  in  the  order  of  an  increasing  scale  of  difficulty : — 

I.  By  digging  side-drains  parallel  to  the  site  of  the  intended 
embankment,  the  firmness  of  the  natural  ground  may  be  increased. 

II.  If  the  material  of  the  natural  ground  has  a  definite  angle  of 
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icpose,  though  much  flatter  than  that  of  the  material  of  the  em- 
haiikineDt,  the  slopes  of  the  embankment  may  be  formed  to  the  same 
angle,  thus  giviug  it  a  broader  foimdation  tiban  it  would  have  with 
its  own  natuial  slope. 

III.  A  foundation  may  be  made  for  the  embankment  by 
digging  a  trench  and  filling  it  with  a  stable  matenaL  In  fig  165, 
A  £  F  B  represents  the 
cross-section  of  an  intended 

embankment,  and  A  C  D  B     _a^ ^ 

that  of  the  trench  to  be  ^^Cij   ' 

dug  for  its  foundation,  the  ^  FIs  165 ' 

edges  of  the  base  of   the 

trench,   C,  D,   being  vertically  below  those   of  the  top   of  the 

embankment,  E,  F.     To   design  these  cross-sectionB,   proceed  as 

follow^ : — 

Let  A=  G  E  denote  the  height  of  the  proposed  embankment; 

«7,  the  weight  of  a  cubic  foot  of  its  material; 

«/,  theweightof  acubicfootof  thematerial  of  thenaturalground; 

f',  its  angle  of  repose; 

A'=  G  C,  the  required  depth  of  the  foundation; 

also  let  ?-"!^$!=;y; 

1  +  am  ^'       ■  ' 

then  the  depth  of  the  foundation  is  given  by  the  formula, 

'-^^^- <>.) 

The  slopes  of  the  trench,  C  A,  D  B,  should  be  inclined  at  the 
angle  of  repose  of  the  soft  material;  so  that  the  breadth  of  each 
will  be 

AG  =  A'cotan^'; (2.) 

and  this  fixes  also  the  inclination  of  the  slopes  of  the  embankment, 
A  E,  B  F,  without  reference  to  the  angle  of  repose  of  its  material 

lY.  The  ground  may  be  compressed  and  consolidated  by  means 
of  short  piles.  This  method  will  be  fui'ther  explained  under  the 
head  of  Foundations. 

Y.  The  embankment  may  be  made  of  materials  light  enough  to 
form  a  sort  of  raft,  floating  on  the  soft  ground,  such  as  hurdles, 
fescines,  or  dry  peat.  The  use  of  fascines  will  be  further  explained 
in  a  later  chapter.  Dry  peat  was  the  material  used^  by  George 
Stephenson  to  carry  the  Liverpool  and  Manchester  Eailway  across 
Chat  Moss.     Its  heaviness,  when  well  dried  in  the  air,  is  about 
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3011m.  per  cable  foot;  and  when  satiuated  with  water,  63 lbs.  On 
the  dry  peat  embankment  was  placed  a  platform  of  two  lajers  of 
hurdles,  to  cany  the  ballast 

YL  Should  all  other  expedients  £ul,  a  moss  or  bog  may  still  be 
crossed  by  throwing  m  stones,  gravel,  and  sand,  until  an  embank- 
ment is  formed,  resting  on  the  hard  stratum  below  the  moss,  and 
with  its  top  rising  to  the  required  level  It  is  found  that  the 
material  of  the  embankment  assumes  the  same  natural  slope  that  it 
would  do  in  the  air. 

205.  OraMtac  tktMim^  ■■«  PllcUteg  8l«vea. — ^The  slopes,  both  of 
embankments  and  cuttings,  are  to  be  dressed  to  smooth  and  regular 
surfaces,  and  covered  with  a  layer  of  soil,  which  varies  from  3 
inches  to  6  inches  in  depth,  according  to  the  practice  of  different 
engineers,  and  ib  sown  with  grass-seed. 

The  Icixmr  of  dressing  slo|)es  is  nearly  equivalent  to  that  of 
digging  about  half-i^foot  deep  in  loose  mould  over  the  same  area  of 
surface;  and  that  of  spreading  the  soil  is  about  the  same  with  that 
of  shovelling  it  into  a  barrow.     (See  p.  337.) 

Slopes  of  embankments  which  are  exposed  to  still  water  may  be 
&ced  or  ^'pitched  "  with  dry  stone  about  a  foot  thick.  The  protection 
of  slopes  against  waves  and  currents  falls  under  the  head  of 
Hydraulic  J^gineering. 

206.  Clay  P««Aie  is  used  to  make  embankments  and  channels 
water-tight,  and  to  protect  masonry  against  the  penetration  of 
water  m>m  behind.  The  proper  material  for  it  is  clay,  freed  from 
all  large  stones,  roots  of  plants,  and  the  like,  and  containing  as 
much  sand  and  fine  gravel  as  is  consistent  wiiii  its  holding  water; 
if  there  is  too  little  sand,  the  puddle  is  liable  to  crack  in  dry 
weather.  It  is  made  by  working  the  clay  in  layers  about  9  inches 
thick,  with  enough  of  water  to  reduce  it  to  a  pasty  condition,  by 
means  of  a  tool  that  has  a  sort  oipoouMng  action,  until  it  becomes 
a  perfectly  uniform  and  compact  mas&  The  labour  is  about  five 
times  that  of  shovelling  the  same  quantity  of  material 

207.  QmuTflBc  wmA  BkMtlii«  Itock^ — Eock  that  is  too  hard  to  be 
split  with  the  pick,  the  crowbar,  or  the  quanyman's  hammer,  and 
not  so  hard  as  to  require  blasting  with  gunpowder,  can  be  quarried 
in  blocks,  by  cutting  grooves,  or  boring  holes,  in  the  upper  sur&ce 
of  a  bed,  inserting  bluut  steel  wedges  in  them,  and  driving  those 
wedges  with  a  hammer  until  a  block  splits  off  from  the  layer. 
Gauthey's  estimate  of  the  labour  of  this  operation,  per  cubic  yard 
of  rock,  is  about  0*4  of  a  day's  work  of  a  man;  but  it  varies  veiy 
much  for  different  kinds  of  rock. 

The  processes  of  blasting  with  gunpowder  may  be  divided  into 
tmaU  hlcuta  and  great  bloHs. 

I.  A  amall  bla^  is  made  by  boring  with  a  jumper  (Article 
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187,  p.  332),  a  hole  in  the  rock,  whose  diameter  varies  from  1  inch 
to  6  inches,  or  thereabouts,  and  its  depth  from  one  foot  to  30  feet. 
Part  of  the  depth  of  the  hole  is  filled  with  coarse-grained  gun- 
powder, ponred  in  through  a  tube  reaching  nearly  to  t^e  bottom, 
and  the  remainder  of  the  hole  is  rammed  with  what  is  called 
**  tamping,"  consisting  of  chips  of  rock,  sand,  clay,  and  other  such 
niatenals;  the  best  material  being  diy  clay.  Care  is  to  be  taken 
never  to  use  materials  that  may  strike  fire,  and  not  to  ram  hard  until 
Uiere  are  some  inches  of  mateidal  between  the  tamping-bar  and  the 
powder.  The  fuse  may  be  protected  by  traversing  a  tube,  or  a  groove 
in  a  piece  of  wood.  It  should  bum  at  the  rate  of  about  2  feet  per 
minute.     The  best  fuse  for  this  purpose  is  known  as  *'  Bickford'a" 

The  explosion  of  the  powder  splits  and  loosens  a  mass  of  rock 
whose  volume  is  approximately  proportional  to  the  ctibe  of  the  line 
of  least  resistance, — ^that  is,  in  genend,  of  the  shortest  distance  from 
tilie  charge  to  the  surface  of  the  rock — and  may  be  roughly  estimated 
at  tudce  that  cube;  but  this  proportion  varies  very  much  in  different 
caaea 

The  proportion  of  the  fjoeight  of  rock  loosened  to  the  weight  qf 
powder  exploded  ranges  from  about  7,000  : 1  to  14,000  : 1,  and  may 
be  taken  on  an  average  at  10,000  : 1. 

The  ordinary  rule  for  the  weight  of  powder  in  small  blasts  is, 

,      .    .,          (line  of  least  resistance  in  feet)'      ..  . 
powder  in  lbs.  =s  ^^ ^ ^.  ...(1.) 

A  test  of  the  strength  of  blasting  powder  is,  that  2  ounces,  or 
Jih  of  an  avoirdupois  pound  of  it,  being  fired  in  an  eight-inch 
mortar  elevated  at  an  angle  of  45%  should  throw  a  68  lb.  ball  to  a 
distance  of  240  feet 

Another  test  is  by  firing  2  ounces  of  powder  in  the  "  eprouvette 
gun;"  its  bore  is  27*6  inches  long,  and  If  inch  in  diameter; 
it  weighs  86i  lb& ;  it  is  hung  in  a  frame  like  a  <^  ballistic  pendulum," 
and  its  recou  is  measured  on  a  graduated  arc.  Good  powder  fit  for 
blasting  gives  a  recoil  of  about  20  degrees. 

One  lb.  of  powder  in  a  loose  state  occupies  about  30  cubic 
inches.  By  compression,  it  may  be  squeezed  into  27^,  or  there- 
abouts. 

Thirty  cubic  inches  are  equal  to  38*2  cylindrical  inches;  and 
this  is  the  length  of  hole,  one  inch  in  diameter,  required  to  hold  one 
lb,  of  pouxier.  The  corresponding  length  for  other  diameters 
varies  inversely  as  the  square  of  the  diameter. 

A  blast  acta  most  efficiently  when  the  line  of  least  resistance 
(being,  in  sound  rock  of  uniform  strength,  the  shortest  line  from 
the  charge  to  the  surface),  is  perpendicular  to  the  axis  of  the  bore- 
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hole.  It  acts  least  efficiently  when  the  line  of  least  resistance  is 
the  axis  of  the  bore-hole  itself  It  is  not  alwajs  possible  to  jump  a 
hole  perpendicular  to  the  intended  line  of  least  resistance;  but  the 
hole  should  always  be  made  to  form  as  great  an  angle  with  that 
line  as  possible. 

If  a  charge  fitils  to  explode,  the  tamping  may  be  bored  out  with 
the  auger  (p.  332),  a  new  fuse  put  in,  and  the  hole  re-tamped.  This 
process,  however,  is  not  wholly  free  from  danger;  and  the  safest 
method  is  to  jump  a  new  hole  near  the  first,  and  put  in  a  fresh 
charge  of  powder,  the  explosion  of  which  will  probably  be  com- 
municated to  the  former  change. 

The  labour  of  jumping  holes  varies  very  much  for  different 
qualities  of  rock.  It  is  performed  either  by  two  men  striking  the 
jumper  with  hammers,  while  a  man  or  boy  turns  it,  or  by  one  or 
two  men  raising  it  and  letting  it  drop;  tiie  latter  being  the  more 
efficient  method,  but  wearing  out  the  jumper  faster  than  the 
other.  The  jumper  used  for  the  latter  process  is  called  the 
"  chum  jumper." 

The  following  are  examples  of  the  day's  work  per  man  per- 
formed in  jumping  holes : — 

CyUndrical  Inchei 
of  Hole. 

In  granite,  by  hammering, loo  to  150 

„        by  "churning," 200  nearly 

In  limestone, :....5oo  to  700 

In  granite,  jumpers  require  to  be  sharpened  about  once  for  each 
foot  bored,  and  steeled  once  for  each  16  or  20  feet;  and  the  length 
of  iron  wasted  in  using  them  is  about  one-tenth  of  the  depth 
bored 

The  lower  ends  of  holes  in  limestone  have  sometimes  been 
enlarged  to  form  a  chamber  for  the  powder,  by  the  aid  of  dilate 
nitric  add.  A  double  tube,  consisting  of  an  outer  tube  of  copper 
with  a  tube  of  lead  within  it,  is  passed  down  to  the  bottom  of  the 
hole ;  the  innef  tube  has  a  funnel  on  the  top  into  which  the  dilate 
acid  is  poured;  it  passes  down,  and  dissolves  the  lime  of  the  lime- 
stone; the  carbonic  acid  gas  disengaged  forms,  with  the  solution  of 
nitrate  of  lime,  a  stream  of  froth,  which  rises  through  the  space 
between  the  inner  and  outer  tubes,  and  escapes  through  a  lateral 
bent  spout  near  the  top  of  the  latter. 

II.  A  greaJt  blast  is  made  by  excavating  a  vertical  shaft  or  a 
horizontal  heading  in  the  mass  of  rock,  which  should  turn  at  light 
angles  at  least  once  on  its  way  to  the  powder-chamber  at  its  end,  in 
order  that  the  tamping  may  not  be  blown  out     Such  shafts  and 
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headings  vary  from  3^  feet  square  to  3|  feet  by  5  feet  or  there- 
abouts, and  the  labour  requir^  to  make  them  varies  from  2  days* 
to  6  days'  work  of  a  miner  per  lineal  foot  The  mine  being  swept 
out  and  its  floor  covered  with  a  matting  of  old  sacks,  the  gun- 
powder is  placed  in  the  chamber  in  a  deal  box,  whose  size  is 
regulated  by  the  &ct  that  1  lb.  of  gunpowder  fills  about  30  cubic 
inches ;  a  small  quantity  of  finer  powder  in  a  bag  or  case  forms  the 
'^  bursting  charge,'*  and  is  traversed  by  a  fine  platinum  wire, 
connecting  a  pair  of  copper  conducting  wires  with  each  other.  These 
are  coated  with  Indian  rubber  or  gutta-percha,  or  otherwise  in- 
sulated, and  protected  by  being  placed  in  a  groove  in  a  wooden  bar. 
The  entrance  of  the  chamber  is  closed  with  a  wall  of  turf,  and  the 
rest  of  the  mine  "  tamped  "  by  b^ing  built  up  either  with  rubble 
masonry  or  with  a  mixture  of  stones  and  clay.  When  the  work- 
men have  removed  to  a  safe  distance,  the  conducting  wires  are 
connected  with  the  opposite  ends  of  a  galvanic  battery,  when  the 
electric  current  raises  the  platinum  wire  to  a  white  heat,  and  fires 
the  charge. 

The  chief  use  of  the  electrical  apparatus  is  to  fire  several  charges 
exactly  at  the  same  instant.  When  one  charge  only  is  to  be  Biedy 
a  safety  fuse  may  be  used. 

According  to  Mr.  Sim,  the  chamber  of  the  mine  should  be  so 
placed,  that  the  line  of  least  resistance  may  be  about  two-thirds 
of  the  height  of  the  rock  to  be  loosened. 

In  great  \;>lasts  the  proportion  of  the  weight  of  the  rock 
loosened  to  that  of  the  powder  exploded,  ranges  from  4,500 : 1 
to  nearly  13,000  :  1,  and  is  on  an  average  about  6,000  : 1  or 
7,000 : 1. 

The  ratio  of  the  number  of  lbs.  of  powder  to  the  cube  of  the 
number  of  feet  in  the  line  of  least  resistance  ranges  from  1  :  32  to 
1 :  10;  but  the  best  mode  of  fixing  the  quantity  of  powder  is  to 
estimate  roughly  the  weight  of  the  mass  of  rock  which  is  likely  to 
be  loosened,  and  use  from  ^  to  ^  of  a  lb.  of  powder  for  each  ton  of 
rock. 

In  choosing  the  positions  of  bores  and  mines  for  blasting,  r^;ard 
should  be  had  to  the  natural  veins  and  fissures  of  the  rock,  as 
means  of  &cilitating  its  detachment  from  its  bed. 

Blasting  under  water  will  be  considered  in  a  later  part  of  this 
treatise.* 

*  On  the  raljeet  of  blasting  rode  the  following  anthorities  may  be  consalted: — 
Oeoeial  Shr  John  Fox  Bnigoyne,  **  On  Blasting  and  QnanTing;"  a  paper  by  Mr. 
William  Sim,  "On  the  Qnarrying  and  Blasting  of  Bocks,"  read  to  the  British 
Association  in  1856;  and  a  paper  by  Mr.  Geoxge  Bobertson,  '*0n  the  Large  Blasts 
at  Holyhead,"  read  fb  the  Royal  Scottish  Society  (tf  Arts,  and  published  hi  the 
Owtf  Engineer  and  ArehkMCe  Journal^  for  Febmary  and  March,  1861. 
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Table  of  the  Heavinbbs  of  Bock. 


Lbi.  in  one 
Cobio  Foot 

Baadt, - 187 

Chalk, X17  to  174 

Felspar, 162 

Flint, 164 

Granite, 164  to  172 

limestone, 169  to  175 

„       magnesian,       178 

Quartz, 165 

Sandstone,  average, ...       144 

Shale, 162 

Slate  (Clay), 175  to  x8i 

Trap, 170 


LU.  in  one 

Cable  Feet 

Cttbio  TenL 

to  a  Ton. 

50^0 

12 

3160  to  4730  . 

..    19-1  to  12*9 

4370 

..         13-8 

4430 

13'^ 

4430  to  4640  . 

..     136  to  13 

4560  to  4720 

..    13-2  to  12*8 

4810 

12-6 

4450 

13'^ 

3890 

..         15-6 

3510  to  4240 

...  17-2  to  143 

4370 

13*8 

4720  to  4890 

...    12-8  to  12*4 

4590 

13a 
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CHAPTER  IIL 

OF  ICASOHBT. 

SEcnoN  L — OfNatwral  Stones. 


Ckuscicn  mi  SiMicib — In  the  last  Article  of  the 
preceding  chapter,  rocks  or  natural  stones  were  considered  in  the 
light  of  materials  to  be  excavated  They  have  now  to  be  considered 
in  the  light  of  materials  for  building. 

The  geological  position  of  rocks  has  but  little  connection  with 
their  properties  as  building  materials.  As  a  general  rule,  the  more 
ancient  rocks  are  the  stronger  and  the  more  durable ;  but  to  this 
there  are  many  exceptions.  The  properties  or  characters  of  rocks 
which  are  of  most  importance  in  an  engineering  point  of  view  are 
of  two  kinds;  the  structural  and  the  chemical. 

With  respect  to  the  structural  character  of  their  large  masses, 
Tocks  maybe  divided  into  two  great  classes, — I.  The  unstratified,  IL 
The  stratified,  accoi'ding  as  they  do  not  or  do  consist  of  flat  layers. 

L  The  UfutraHfied  Bocks  are  believed  to  have  become  solid  more 
or  less  slowly,  and  under  a  greater  or  less  pressure,  from  a  melted 
state.  They  are,  for  the  most  part,  hard,  compact,  strong,  and 
durable. 

It  is  in  general  obvious  that  the  great  masses  of  unstratified  rocks 
are  built,  as  it  were,  of  blocks,  which  separate  from  each  other  when 
the  rock  decays.  Li  granite,  for  example,  those  blocks  are  oblique 
hexaedrons — in  other  words,  rhomboidal  prisms,  sometimes  of 
enormous  size;  in  basalt,  they  are  r^ular  hexagonal  or  pentagonal 
prisms,  built  up  into  columns;  in  trap,  they  are  irr^ular  prisms, 
sometimes  approximating  imperfectly  to  the  columnar  form  of  basalt. 
In  many  cases  the  further  progress  of  decay  rounds  off  the  comers 
and  edges  of  the  blocks,  and  converts  them  into  boulders,  which 
show  a  tendency  to  break  up  into  concentric  oval  layers.  In 
all  cutting,  quarrying,  and  blasting  of  unstratified  rocks,'  the  work 
b  much  facilitated  by  taking  advantage  of  the  natural  joints  between 
the  blocks,  at  which  the  rock  is  more  easily  divided  than  elsewhere. 

In  their  more  minute  structure  the  unstratified  rocks  present, 
for  the  most  part,  an  aggregate  of  crystalline  grains,  firmly  a!dhering 
together.  In  granite  and  syenite,  these  crystals  are  comparatively 
large  and  conspicuous;  in  trap,  they  are  much  smaller  and  less  duh 
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tinctj  in  basalt,  they  are  almost  inyisible,  and  the  stmcture  is 
almost  glassy;  in  lava,  it  is  decidedly  glassy.  Amongst  varieties 
of  structure  in  unstratified  rocks,  are  the  porphyritic,  where 
detached  crystals  of  one  substance  are  imbedded  in  a  mass  of 
another;  and  the  cellular,  where  the  mass  contains  a  number  of 
spherical  or  oval  cavities,  as  if,  in  its  former  melted  state,  it  had 
air-bubbles  dispersed  in  it. 

Masses  of  unstratified  rock  are  often  traversed  by  veins  or  cracks, 
sometimes  empty,  sometimes  lined  on  the  sides,  and  sometimes 
filled  with  crystalline  masses  of  various  minerals.  Such  veins 
£Bu;ilitate  the  division  of  the  rock  where  they  traverse  it. 

IL  Stratified  Rocks  consist  of  a  series  of  parallel  layers,  evidently 
deposited  from  water,  and  originally  horizontal,  although  in  most 
cases  they  have  become  more  or  less  inclined  and  curved  by  the 
action  of  disturbing  forces.  It  is  easier  to  divide  them  at  the 
planes  of  division  between  those  layers  than  elsewhere.  They  are 
traversed  by  veins  or  cracks,  sometimes  empty,  sometimes  contain- 
ing crystals,  sometimes  filled  with  "dykes,"  or  masses  of  un- 
stratified  rock.  Those  veins  or  dykes  are  often  accompanied  by  a 
"  fault,"  or  abrupt  alteration  of  the  levels  of  the  strata. 

It  is  in  the  immediate  neighbourhood  of  masses  of  tmstratified 
rock  that  the  stratified  rocks  show  the  greatest  effects  of  the  action 
of  disturbing  forces  in  the  incliuation,  curvature,  and  distortion  of 
their  layera  In  such  positions,  too,  they  often  appear  to  have  had 
their  structure  altered  by  heat  and  intense  pressure,  and  to  have 
been  rendered  harder  and  more  compact. 

Besides  its  principal  layers  or  strata,  a  mass  of  stratified  rock  is 
in  general  capable  of  division  into  thinner  layers;  and  although  the 
surfistces  of  division  of  the  thinner  layers  are  often  parallel  to  those 
of  the  strata,  they  are  also  often  oblique,  or  even  perpendicular  to 
them.  This  constitutes  a  lavfdnated  structure.  litminated  stones 
resist  pressure  more  strongly  in  a  direction  perpendicular  to  their 
laminae  than  parallel  to  them ;  they  are  more  tenacious  in  a  direction 
parallel  to  tiieir  laminm  than  perpendicular  to  them ;  and  they 
are  more  durable  with  the  eigeA  than  with  the  sides  of  their 
laminaa  exposed  to  the  air;  and,  therefore,  in  building,  they  should 
be  placed  with  their  laminsB  or  "  beds"  perpendicular,  or  nearly  so, 
to  the  direction  of  greatest  pressure,  and  with  the  edges  of  these 
laminsB  at  the  face  of  the  wall. 

In  the  more  minute  structure  of  stratified  rocks  the  following 
varieties  are  distmguished : — 

(1.)  The  compact  crystalline  structure,  as  in  quartz  rock  and 
marbla     This  is  accompanied  by  great  stren^h  and  durability. 

(2.)  The  d<Uy  structure,  when  the  rock,  which  is  usually  compact^ 
can  be  split  into  innumerable  thin  layers,  often  highly  inclined  to 
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the  stratification.  This  stractnre  is  considered  to  have  arisen 
from  intense  pressure,  in  a  direction  perpendiculJar  to  the  layers. 
It  facilitates  quarrying.  Some  of  the  stones  in  which  it  occurs,  as 
hard  claj-slate  and  hornblende-slate,  are  amongst  the  strongest  and 
most  durable  known.     Others  are  soft  and  perishable. 

(3.)  The  ffrawtUar  crysUdUne  structure,  in  which  ciystalline  grains 
either  adhere  firmly  together,  as  in  gneiss,  or  are  cemented  together 
into  one  mass  by  some  other  material,  as  in  sandstone.  This 
is  accompanied  by  various  degrees  of  compactness,  porosity, 
strength,  and  durability,  from  the  highest  to  the  lowest,  passing 
at  the  lowest  extreme  into  sand. 

(4.)  The  compact  granular  structure,  where  the  grains  are  too 
small  to  be  visible,  and  seem  to  form  a  continuous  mass,  as  in  blue 
limestone.  This  structure  is  usually  accompanied  with  consider* 
able  strength  and  durability.  It  passes  by  gradations  on  the  one 
hand  into  the  compact  cryvtalline  structure  (1),  and  in  the  other 
into, 

(5.)  The  parous  gramdar  structure,  in  which  tiie  grains  are  not 
crystalline,  and  are  often,  if  not  always,  minute  shells  cemented 
together,  as  in  oolite.  The  porosity  of  rocks  having  this  structure 
varies  much;  and  so  also  do  ^e  strength  and  durability,  which  are 
seldom  very  high.  In  these  respects  the  lowest  racample  is  soft 
chalk. 

(6.)  The  conglomercUe  structure,  where  fragments  of  one  material 
are  imbedded  in  a  mass  of  another,  as  in  grauwacke. 

The  fraditire,  or  appearance  of  the  broken  surface  of  a  stone,  is 
one  of  the  means  of  lowing  its  structural  character.  The  follow- 
ing are  examples : — 

The  even  fracture,  when  the  surfaces  of  division  are  planes  in 
definite  positions,  is  characteristic  of  a  crystalline  structure. 

The  uneven  fWicture,  when  the  broken  surface  presents  sharp 
projections,  is  characteristic  of  a  granular  structure. 

The  d<Uy  fracture  is  even  for  planes  of  division  parallel  to  the 
lamination,  and  uneven  for  other  directions  of  division. 

The  conchoidal  fracture  presents  smooth  concave  and  convex 
Baifeuses,  and  is  characteristic  of  a  hard  and  compact  structure. 

The  eaalhy  fracture  leaves  a  rough  dull  surface,  and  indicates 
Bofbess  and  brittleness. 

209.  chcMicai  CMMiitMato  ^f  Simm^ — The  numerous  substances 
which  have  not  yet  been  decomposed,  and  which  are  therefore 
provisionally  called  ''  elementary  substances"  in  chemistry,  are  all 
found  in  the  composition  of  stones.  These  elementaiy  substances 
form,  by  their  combinations,  a  vast  variety  of  compounds  called 
*' simple  minerals,"  or  '^  mineral  species^"  Each  simple  mineral  is  a 
definite  chemical  compound,  and  is  a  homogeneous  substance;  that 
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18  to  aay,  every  particle  of  it  perceptible  to  any  means  of  obeervatioii 
is  similarly  composed  to  every  other.  Most  simple  minerals  are 
distinguished  also  by  definite  primary  fcnrms  of  crystallizatioa 
Two  minerals  which  have  the  same  chemical  composition  may  still 
be  distinguished  as  distinct  species,  by  having  different  primary 
Giystalline  forms.  Thomson  enumerates  more  than  500  mineral 
species;  Jameson  gives  about  110  genera,  each  containing  from  one 
to  10  speciea 

The  masses  which  form  the  earth's  crust,  whether  stony  or  earthy, 
stratified  or  unstratified,  are  made  up  of  simple  minerals,  either 
of  one  kind  or  of  several  kinds,  mixed,  not  chemically  combined. 

There  are  a  few  simple  minerals  which  are  so  much  more  abun- 
dant in  the  earth's  crust  than  the  others,  that  they  fix  the  pre- 
dominant characters,  both  chemical  and  mechanical,  of  the  stones 
into  whose  composition  they  enter;  and  those  minerals  alone,  with 
their  principal  chemical  constituents,  need  be  considered  in  such  a 
treatise  as  the  present. 

The  principal  chemical  constituents  of  those  predominant  minerals 
are  four  Eaethb,  viz. : — 

L  Silica/ or  pure  flint.  Its  chemical  composition  is  (according 
to  the  British  scaJe), — 

One  equivalent  of  silicon, 7*5 

One  equivalent  of  oxygen, 8-o 

One  equivalent  of  silica, i5'5 

Silica  exists  uncombined  in  great  abundance,  in  the  form  of 
quartz,  sand,  and  flint  With  other  earths  and  alkalies  it  combines, 
acting  as  an  acid.  It  is  not  soluble  in  any  acid  except  the  fluoric, 
nor  when  ciystallized  is  it  soluble  in  water;  but  by  an  indirect 
process  it  can  be  made  to  form  a  gelatinous  compound  with  water. 

IL  Alumina,  the  base  of  clay.     Its  chemical  composition  is 

Two  equivalents  of  aluminium, 27*4 

Three  equivalents  of  oxygen, 24*0 

One  equivalent  of  alumina, 5f4 

Alumina  exists  uncombined  in  the  ruby  and  sapphire  alone.  In 
combination  with  other  earths,  it  exists  in  great  abundance.  It 
acts  either  as  an  add  or  as  a  base.  It  forms  a  paste  with  water; 
and  by  indirect  processes,  can  be  made  to  form  a  gelatinous  com* 
pound  with  water. 

IIL  Lime  is  thus  composed, — 

One  equivalent  of  calcium, 20*5 

One  equivalent  of  oxygen, 8*0 

One  equivalent  of  lime, 28*5 
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Lime  does  not  exisk  in  nature  QBoombined;  but  in  combination 
vith  carbonic  acid  and  with  other  earths  it  is  very  abundant  It 
is  strongly  alkaline,  and  soluble  to  a  small  extent  in  water. 

jy.  Ifagnena  is  thus  composed — 

One  equivalent  of  magnesium, 127 

One  equivalent  of  oxygen, 80 

207 

Magnesia  is  not  found  in  nature  uncombined;  in  combination 
with  carbonic  acid  and  with  other  earths  it  is  •abundant,  though 
not  so  much  so  as  the  three  earths  before-mentioned  It  is  alkaline, 
but  not  so  highly  so  as  lime,  and  is  very  sparingly  soluble  in 
water. 

In  some  of  the  predominant  minerals  the  two  following 
Alkalies  are  found,  combined  with  earths.  Their  presence  in 
stone  promotes  its  decomposition  when  exposed  to  the  weather : — 

Karnes.  Compositioii.  Equivalent 

V.  Pot€b8h, Potassium  39*15  +  oxygen  8  =47*15 

VL  Sodcty Sodium       23*3  +  oxygen  8  =  31*3 

The  foUowing  Acid  exists  abundantly  in  combination  with  lime 
and  magnesia. 

VII.  Carbonic  Acid,.,.  Carbon  6  +  oxygen  16  =  22. 

The  presence  of  carbonic  acid  in  stones  is  made  known  by  their 
effervescing  when  acted  upon  by  stronger  acida 

The  metals  iron  and  manganese  also  enter  into  the  oompositioii 
of  the  predoounant  minerals,  in  quantities  comparatively  smalL 
Their  chemical  equivalents  are.  Iron,  28;  Manganese,  27*7. 

210.  The  PradtoailMMt  JHlaenUfl  te  mtmmm  are  the  following : — 

I.  QuABTZ  is  pure  silica.  Its  heaviness  is  from  2*5  to  2*7  times 
that  of  water.  Its  primary  crystalline  form  is  a  rhombohedron. 
Its  most  common  external  crystalline  form  is  a  regular  six-sided 
prism,  with  a  six-sided  pyramidal  summit 

When  it  occurs  in  transparent  crystals,  colourless  or  coloured,  it 
is  called  rock-crystal.  In  a  compact,  translucent  mass,  it  is  called 
homdone.  In  dark-coloured,  translucent  lumps,  which  are  scattered 
through  the  chalk,  it  is  called  fiiaU,  In  grains,  or  small  crystals, 
more  or  less  rounded  at  the  edges  and  comers,  it  forms  awnd.  There 
are  various  other  fonns  of  quartz,  which  it  is  unnecessary  to  men- 
tion. It  is  the  most  hard  and  durable  of  all  the  predominant 
mineralsL 

2a 
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II.  Felspar  is  a  mineral  genus  of  compounds  of  earths  and 
alkalies,  of  which  the  three  species  whose  composition  is  given 
below  are  the  most  abundant,  especially  the  first  Their  heaviness 
is  from  2*5  to  2*8  times  that  of  water. 

1.  Common  Felspar,  or  Potash  Felspar ,  is  composed  of  sHica, 
alumina,  and  potash,  in  proportions  which  nearly  agree  with  the 
following  constitution : — 

1 2  equivalents  of  silica ; 
1  equivalent  of  alumina; 
1  equivalent  of  potasL 

2.  Soda  FdspoT  has  the  whole  or  part  of  the  potash  replaced  by 
an  equivalent  quantity  of  soda. 

3.  Lime  Felspar  has  the  whole  or  part  of  the  potash  replaced  by 
an  equivalent  quantity  of  lime. 

Felspar,  with  a  crystalline  or  compact  granular  structure,  forms 
the  white  or  flesh-coloured  grains  and  crystals  which  are  seen  in 
granite,  porphyry,  and  some  other  rocks  to  be  afterwards  mentioned 
With  a  slaty  structure,  it  forms  dinkstons.  With  a  soft  granular 
structure  and  earthy  fracture,  it  forms  dayat<me.  It  presents  all 
degrees  of  hardness  and  durability. 

III.  Hornblende  presents  great  varieties  in  appearance  and 
composition.  Its  heaviness  is  from  2*7  to  3*2  times  that  of  water. 
The  composition  of  the  white  variety  agrees  nearly  with  the 
following  constitution : — 

9  equivalents  of  silica; 

3  equivalents  of  magnesia; 

1  equivalent  of  lime; 
and  there  is  also  a  small  quantity  of  fluorine,  wbich  may  be  com- 
bined with  part  of  the  calcium.  The  most  common  varieties  are 
the  dark-green  and  the  black,  in  which  part  of  the  silica  appears  to 
be  replac^  by  alumina,  in  the  proportion  of  one  equivalent  of 
alumina  for  three  of  silica,  and  part  of  the  magnesia  by  an  equiva- 
lent quantity  of  protoxide  of  iron. 

Dark-green  or  black  hornblende  forms  a  great  part  of  the  mass 
of  greenstone  or  trap.  It  occurs  in  crystals,  fibres,  and  grains,  and 
has  a  glassy  lustre,  and  a  fracture  sometimes  conchoidal,  sometimes 
uneven,  sometimes  slaty.  It  is  one  of  the  toughest  and  most 
durable  of  minerals. 

lY.  AuoiTE  much  resembles  hornblende  in  all  its  properties. 
The  composition  of  its  white  varieties  agrees  nearly  with  the 


following : — 


4  equivalents  of  silica; 
1  equivalent  of  magnesia; 
1  equivalent  of  lime; 


SUJCBOnS  STONES.  355 

vhile  in  the  green  and  black  varietieSy  part  of  the  magnesia  appears 
to  be  replaced  by  an  equivalent  quantity  of  protoxide  of  iron. 

Y.  Mica  is  distinguished  by  having  a  laminated  structure,  so 
that  it  either  consists  of  or  can  easily  be  split  into  transparent  or 
semi-transparent  layers  or  scale&  It  is  fleidble,  and  so  soft  that  it 
can  be  cut  with  a  knife.  Its  heaviness  is  from  2*8  to  3  times  that 
of  water.     The  composition  of  one  variety  is  nearly  as  follows : — 

30  equivalents  of  silica; 

4  equivalents  of  alumina; 
3  equivalents  of  potash ; 

5  equivalents  of  oxides  of  iron  and  of  manganese. 

In  other  varieties  pait  of  the  potash  would  seem  to  be  replaced  by 
lithia,  and  by  an  additional  quantity  of  oxides  of  iron  and  of  man- 
ganese.    Some  kinds  contain  fluorine. 

VI.  Chlorite,  or  green  earth,  is  a  compound  of  the  silicates  ot 
magnesia,  alumina,  potash,  and  oxide  of  iron,  with  some  water.  It 
resembles  mica  in  its  laminated  structure,  and  in  its  softness  and 
flexibility.  Its  heaviness  ia  from  2*7  to  2-8  times  that  of  water.  It 
occurs  in  small  scales,  in  large  sheets,  and  in  slaty  masses. 

YII.  Garbonatb  of  Lime  consists  of  one  equivalent  of  carbonic 
acid  and  one  of  lima  It  forms  all  the  varieties  of  marble  and 
limestone.     These  stones  will  be  further  described  afterwards. 

VIII.  DoLOHiTE  is  a  compound  of  carbonate  of  lime  and  car- 
bonate of  magnesia,  in  the  proportion  of  about  two  equivalents  of 
the  former  to  one  of  the  latter.  It  forms  various  magnesiau  lime- 
stones, to  be  described  further  on. 

211.  mtmmmm  ciuacdi* — ^The  stones  used  in  building  are  divided 
into  three  classes,  each  distinguished  by  the  earth  which  forms  its 
chief  constituent.     These  are — 

L  Siliceous  Stones. 
II.  Argillaceous  Stones. 
III.  Calcareous  Stones. 

212.  aiiiee«Ba  mtmwtm  are  those  in  which  silica  is  the  characteristic 
earthy  constituent  With  a  few  exceptions  their  structure  is 
crystaUine^anularf  and  the  crystalline  grains  contained  in  them 
are  hard  and  durable;  so  that  weakness  and  decay  in  them  gene- 
rally arise  from  the  decomposition  or  disintegration  of  some  softer 
and  more  perishable  material,  by  which  the  grains  are  cemented 
together,  or  by  the  free2dng  of  water  in  their  poi-es,  when  they  are 
porous. 

The  following  are  the  principal  siliceous  stones  used  in  building : — 

I.  Granite  and  Syenite  are  unstratified  rocks,  consisting  of 

quartz,  felspar,  mica,  and  hornblende.    The  name  granite  is  specially 

applied  to  those  specimens  in  which  there  is  little  or  no  hornblende; 
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the  name  «y0ntte  to  those  in  which  there  is  little  or  no  mica;  but 
both  are  popularly  known  as  granite. 

The  quartz  is  in  the  form  of  clear,  colourless  or  gray  crystals;  the 
hornblende  (when  present)  in  dark-green  or  black  crystals ;  the 
mica  in  glistening  scales,  or  grains  composed  of  such  scales;  the 
felspar  in  compact  opaque  crystals,  of  a  white,  yellowish,  or  flesh 
colour. 

Granite  is  found  underlying  the  lowest  or  "  primary "  stratified 
rocks,  and  often  rising  through  and  over  them  in  dykes,  veins,  and 
mountain  masses,  which  naturally  break  up  into  huge  rhomboidal 
blocks,  as  stated  in  Article  208,  p.  349. 

The  durability  and  hardness  of  granite  are  the  greater  the  more 
quartz  and  hornblende  predominate,  and  the  less  the  quantity  of 
felspar  and  mica^  which  are  the  more  weak  and  perishable  ingre- 
dients. Smallness  and  lustre  in  thQ  crystals  of  felspar  indicate 
durability;  largeness  and  dullness,  the  reverse. 

The  best  kinds  of  granite  are  the  strongest  and  most  lasting  of 
building  stones.  The  difficulty  of  working  them,  caused  by  their 
great  hardness,  is  only  overcome  by  long  practice  on  the  part  of  the 
stone-cutters.  Minute  ornaments  cannot  he  carved  in  granite,  and 
a  simple  and  massive  style  of  architecture  is  the  best  suited  for  it 
It  is  used  chiefly  in  works  of  great  magnitude  and  importance,  such 
as  lighthouses,  piers,  breakwaters,  and  bridges  over  lai^  rivers; 
and  for  such  purposes  it  is  brought  from  great  distances  at  consider- . 
able  cost,  the  stones  being  often  cut  to  tiie  required  forms  before 
leaving  the  quarry,  with  a  view  to  save  expense  in  carriage,  and 
to  obtain  the  benefit  of  the  skill  of  stone-cutters  accustomed  to  the 
material  It  is  only  in  districts  where  granite  abounds  that  it  is 
used  for  ordinary  building  purposes. 

II.  Gneiss  and  Mica  Slate  consist  of  the  same  materials  with 
granite,  in  a  stratified  form.  They  are  found  in  the  neighbourhood 
of  granite,  in  strata  much  inclined,  bent,  and  distorted,  and  often 
form  great  mountain  masses.  GneiBs  resembles  granite  in  its 
appeajrance  and  properties,  but  is  less  strong  and  durable.  Mica 
slate  is  distinguished  by  containing  little  or  no  felspar,  so  that  it 
consista  chiefly  of  quartz  and  mica;  it  has  a  laminated  or  slaty 
structure,  and  the  sUky  lustre  of  mica;  it  is  a  tough  material,  in 
directions  parallel  to  its  layers,  but  is  more  perishable  than  gneiss. 
Both  these  stones  are  used  for  ordinary  masonry  in  the  districts 
where  they  are  found.  Gneiss,  from  its  stratified  structure,  is  a 
good  material  for  flag-stones.  Mica  slate,  split  into  thin  layers, 
may  be  used  for  covering  roofs;  but  it  is  inferior  for  that  purpose 
to  clay  slate. 

III.  Greknotone,  WHiirsTONB,  or  Teap,  and  Basaut.  These 
rooks  are  unstratified,  and  consist  of  granular  ciystals  of  hornblende 
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Or  of  angite,  with  felspar.  In  greenstone  the  gndns  are  consider- 
ablj  finer  than  in  granite ;  in  ba«dt  they  are  scaroelj  distinguishaUe. 
Greenstone  breaks  up  into  small  blocks;  basalt  into  re^^ilar  pris* 
matic  colnmns.  (Article  208,  pi  349.)  They  are  found  in  veins, 
dykes,  and  tabular  masses,  amongst  stratified  rocks  of  various  agea 
Greenstone  is  usually  dark-green,  rarely  white  or  red;  basalt  nearly 
black.  These  varieties  of  colour  are  due  to  the  hornblende  or  the 
augite,  the  felspar  being  white.  Both  these  rocks  are  very  compact, 
durable,  hard,  and  tough.  The  snudlness  of  the  blocks  in  which 
they  can  be  obtained,  and  the  difficulty  of  working  them,  prevent 
their  being  used  in  large  works  of  masonry;  but  they  are  well 
adapted  for  ordinary  building,  and  ei^)ecially  well  suited  for  paving 
and  metalling  roads. 

lY.  Talc,  Chlobitb  Slatb,  Soapstone.  In  these  stones, 
silicate  of  magnesia  predominates.  Tctlc  is  in  transparent  or 
translucent  sheets  of  a  laminated  structure;  it  is  soft  and  easily 
cut  Chlorite  Slaie  is  also  laminated,  soft,  and  easily  cut,  but  more 
opaque  than  talc;  it  is  sometimes  used  for  roofing,  but  is  inferior 
to  clay  slate^  It  has  a  green  or  greenish-gray  colour,  and  silky 
lastre. 

Soapstane  is  translucent  and  soft^  and  greasy  to  the  touch.  It  is 
valued  for  its  power  of  resisting  the  action  of  fire^ 

y .  QuABTz  Rock,  Hormbtoni,  Fuirr.  These  stones  consist  of 
quartz,  pure,  or  nearly  pure.  Quaaiz  rock  and  Homttone  are 
stratified,  and  appear  to  have  been  produced  by  the  action  of  in- 
tense heat  on  standstone;  they  are  Iwth  compact  Quarts  rock  is 
crystalline :  homstone  is  glassy.  They  are  the  strongest  and  most 
durable  of  all  stones;  but  their  hardness  jb  so  great  as  to  make 
their  use  in  masoiiTy  almost  impracticable. 

FlirU  is  found  in  nodules  or  pebbles  scattered  through  the  chalk 
strata,  and  in  beds  of  gravel,  apparently  left  after  the  washing  away 
of  the  chalk.  It  is  hwi  and  durable,  but  very  brittle.  Flints  are 
used  for  building  purposes  by  being  made  into  a  concrete  with  lime. 

YL  HoBiTBLEMBE  Slatb  Ib  hard,  tough,  durable,  and  impervious 
to  water,  and  is  used  for  flag-stones. 

VII.  Sandstoke  is  a  stratified  rock,  consisting  of  grains  of  sand, 
that  is,  small  ciystals  of  quartz,  cemented  together  by  a  material 
which  is  usually  a  compound  of  silica,  alumina,  and  lime.  In  the 
strongest  and  most  durable  sandstone  the  cementing  material  is 
nearly  pure  silica;  the  weakest  and  least  durable  is  that  in  which 
the  cement  contains  much  alumina,  and  resembles  soft  felspar  or 
claystone.  When  there  is  much  lime  in  the  cementing  matter  of 
sandstone  it  decays  rapidly  in  the  atmosphere  of  the  sea  coast,  and 
in  that  of  towns  where  much  coal  is  burned ;  in  the  former  case 
the  lime  is  dissolved  by  muriatic  acid,  in  the  latter  by  sulphuric 


358  VATERIAUS  AND  STRUCTUBBL 

acid.  Ccdeiferous  aanddones,  as  those  containing  mncli  lime  are 
called,  pass  by  insensible  degrees  into  sandy  limestones.  The 
appearance  of  strong  and  durable  sandstone  is  charRcteriaed  by 
sharpness  of  the  grains,  smallness  of  the  quantity  of  cementing 
material,  and  a  clear,  shining,  and  translucent  appearance  on  a 
newly  broken  surface.  Hounded  giuins,  and  a  dull,  mealy  surfietce, 
characterize  isoil  and  perishable  sandstone.  The  best  sandstone  lies 
in  thick  strata,  from  which  it  can  be  cut  in  blocks  that  show  rery 
faint  traces  of  stratification;  that  which  is  easily  split  into  thin 
layers  is  weaker.  Sandstone  is  found  in  every  geological  formation 
above  the  primary  rocks,  amongst  which  its  place  is  supplied  by 
homstone  and  quartz  rock.  The  best  kinds  on  the  whole  are  those 
which  belong  to  the  coal  formation;  but  they  sometimes  have  their 
strength  impaired  by  being  divided  into  layers  by  extremely  thin 
laminee  of  coaL 

The  colours  of  sandstone  are  white,  yellowish-red,  and  red,  the 
latter  colours  being  4)roduced  by  the  presence  of  peroxide  of  iron 
in  the  cementing  material  Crystals  of  sulphuret  of  iron  are 
sometimes  imbedded  in  it;  when  exposed  to  air  and  moisture, 
they  decompose,  and  cause  disintegration  of  the  stona  They  are 
easily  recognized  by  their  yellow  or  yellowish-gray  colour  and 
metallic  lustre.  Sandstone  is  in  general  porous,  and  capable  of 
absorbing  much  water;  but  it  is  comparatively  little  injured  by 
moisture,  unless  when  built  with  its  layers  set  on  edge,  in  whidL 
case  the  expansion  of  water  in  freezing  between  the  layers  makes 
them  split  or  "  scale  "  off  from  the  face  of  the  stone.  When  it  is 
built  "  on  its  natural  bed,"  any  water  which  may  penetrate  between 
the  edges  of  the  layers  has  room  readily  to  expand  or  escape. 

The  better  kinds  of  sandstone  are  the  most  generally  useful  of 
building  stones,  being  strong  and  lasting,  and  at  the  same  time 
easily  cut,  sawn,  and  dressed  in  every  way,  and  fit  alike  for  every 
purpose  of  masonry. 

213.  ArgUlAceooa  •r  Clajey  Stones  are  those  in  which  alumina, 
although  it  may  not  always  be  the  most  abundant  constituent, 
exists  in  sufi^cient  quantity  to  give  the  stone  its  characteristic 
properties. 

I.  Porphyry  consists  of  a  mass  of  felspar,  with  crystals  of  felspar, 
and  sometimes  of  quartz,  hornblende,  and  other  minerals,  scattered 
through  it  It  occurs  of  all  degrees  of  hardnesa  The  variety  in 
which  the  felspar  matrix  is  soft  and  earthy  is  called  daytione 
po^^WV ,'  it  is  of  little  or  no  value  for  building  purposes.  The 
hardest  kind,  in  which  the  matrix  is  compact  and  crystalline,  and 
the  whole  material  beauti^Uy  coloured  and  capable  of  taking  a 
high  polish,  is  sometimes  sti<onger  than  granite.  It  is  rare,  and  is 
valued  in  building  for  ornamental  purposes. 
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IL  Glat  Slate  is  a  primaiy  stratified  rock  of  great  hardness  and 
density,  with  a  laminated  structare  making  in  general  a  great  angle 
with  its  planes  of  its  stratification.  (See  Article  208,  p.350.)  Its 
colours  are  bluish-graj,  blue,  and  purple,  the  darkest  colours 
tDdicating  in  general  the  greatest  strength  and  durability.  It  can 
be  split  into  slabs  and  plates  of  small  thickness  and  great  area,  and 
is  nearly  impervious  to  water;  qualities  which  make  it  the  best 
stony  material  for  covering  roofs,  lining  water-tanks,  and  similar 
purposes.  The  stronger  kinds  of  day  slate  have  more  tenacity 
along  their  lamine  than  any  other  stone  whose  tenacity  has  been 
ascertained.  The  signs  of  good  quality  in  slate  are,  compactness, 
smoothness,  and  uniformity  of  texture,  clear  dark  colour,  lustre, 
and  the  emission  of  a  ringing  sound  when  struck 

III.  Grauwacke  Slate  is  a  laminated  claystone,  containing  sand, 
and  sometimes  fragments  of  mica  and  other  minerals.  It  is  used 
for  roofing  and  for  flag-stones,  but  is  inferior  to  clay  slate. 

214.  €alcan«a«  ■••■c*  are  those  in  which  carbonate  of  lime 
predominates.  They  effervesce  with  the  dilute  mineral  acids, 
which  combine  with  the  lime,  and  set*  free  carbonic  acid  gas. 
Sulphuric  acid  forms  an  insoluble  compound  with  the  lime.  Nitric 
and  muriatic  acid  form  compounds  with  it,  which  are  soluble  in 
water.  By  the  action  of  intense  heat  the  carbonic  acid  is  expelled 
in  the  gaseous  form,  and  the  lime  left  in  its  caustic  or  alkaline 
state,  when  it  is  called  quicklime.  Some  calcareous  stones  consist 
of  pure  carbonate  of  lime;  in  others  it  is  mixed  with  sand,  clay,  and 
oxide  of  iron,  or  combined  with  carbonate  of  magnesia.  The 
durability  of  calcareous  stones  depends  on  their  compactness :  those 
which  are  porous  being  disintegrated  by  the  freezing  of  water,  and 
by  the  chemical  action  of  an  add  atmosphere.  They  are,  for  the 
most  part,  easily  wrought, 

I.  Makble  is  compact  crystalline  carbonate  of  lima  It  is  found 
chiefly  amongst  the  primary  strata,  and  generally  in  the  neighbour- 
hood of  igneous  rocks.  It  is  translucent,  capable  of  a  fine  polish, 
sometimes  white,  and  sometimes  variously  coloured.  It  is  one  of 
the  most  durable  of  all  stones.  Its  scaixsity  and  value  prevent  its 
being  used  except  for  ornamental  buildings. 

IL  CoMPACTr  Limestone  consists  of  carbonate  of  lime,  either  pure, 
or  mixed  with  sand  and  clay.  It  varies  in  hardness  and  compact- 
ness, sometimes  approaching  to  the  condition  of  marble,  sometimes 
to  that  of  granular  limestona  Its  most  frequent  colours  are 
white,  grayish-blue,  and  whitish-brown.  It  is  found  amongst 
primary  and  secondary  strata,  and  abounds  specially  in  the  coal 
formation,  and  in  the  lias  formation.  It  is  very  useful  as  a 
building  stone,   and  is  durable  in  proportion  to  its    compact- 
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ILL  Gbamttulb  Ldckstons  conaiBts  of  oarboziAte  of  lime  in  gndns, 
which  are  in  general  shells  or  fragments  of  shells,  cemented 
together  by  some  compound  of  lime,  nlica  and  alumina,  and  often 
mixed  with  a  greater  or  less  quantity  of  sand.  It  is  aiwajB  more 
or  less  porous,  and  the  less  porous  tihe  more  durable.  It  is  fomid 
of  various  colours,  especially  white,  and  light  yellowish-brown. 
In  many  cases  it  is  so  soft  when  first  quarried  tibat  it  can  be  cut 
with  a  knife,  and  hardens  by  exposure  to  the  air.  It  is  found  in 
▼arious  strata,  especially  the  oolitic  formation.  It  tiiere  appears 
in  the  form  of  OolUef  or  Romione,  so  called  because  its  grains  are 
round,  and  resemble  the  roe  of  a  fish.  The  pleasing  colour  and 
texture  of  oolite,  and  the  ease  with  which  it  is  wrought,  have 
caused  it  to  be  much  tised  in  building,  especially  where  delicate 
carving  is  required.  The  durability  of  ooUtes  varies  extremely. 
The  Portland  stone,  the  Bath  stone,  and  the  Aubigny  stone  (from 
Normandy)  are  examples  of  durable  oolites.  The  perishable  kinds 
of  oolite  decay  more  rapidly  than  almost  any  other  stcme,  especially 
in  an  acid  atmosphere. 

lY.  Maonesiak  Limestone,  or  Dolomite,  is  found  in  various  con^ 
ditions,  from  the  compact  crystalline  to  the  porous  granular.  In 
Britain  it  is  found  in  the  new  red  sandstone  formation  im- 
mediately above  the  coaL  It  is  like  limestone  in  appearance. 
Its  durability  depends  mainly  on  its  texture;  when  that  is  com- 
pact it  is  nearly  as  lasting  as  marble,  which  it  resembles  in 
appearance ;  when  porous  it  is  very  perishable. 

215.  siMsiii  mt  •••■M.— The  external  appearances  from  which 
the  probable  comparative  strei^h  or  weakness  of  stoues  may 
be  inferred  have  been  stated  in  the  ooune  of  the  preceding 
articles. 

Amongst  stones  of  the  same  kind,  that  which  has  the  greatest 
heaviness  is  almost  invariably  the  strongest 

The  results  of  past  experiments  on  the  strength  of  stones  of  the 
same  kind  differ  very  much  from  each  other,  probably  owing  to 
variations  in  the  strength  of  the  specimens  of  stone  experimented 
on.  The  results  given  in  the  tables  of  the  strength  of  materials  at 
the  end  of  the  volume  are  averages  from  discordant  data. 

The  following  table  contains  some  additional  information  on  the 
resistance  of  stones  to  crushing,  extracted  from  a  paper  which  was 
read  by  Mr.  Fairbaim  to  the  Manchester  Philosophical  Society, 
and  published  in  his  Uiefvl  Infonnation  far  EnginMn^  second 
series: — 
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Grmhing  Btimt,  in  lbs. 
OB  the  Sqoan  Inch* 

Granwacke  from  Penmaemxiaiiry ^^93 

Sasalt,  Whinstone, iiy97o 

Granite  ^Mount  Sorrel), 12,861 

„       (ArgyUahire), 10,917 

Syenite,  (Mount  Sorrel), 11,820 

Sandgtone  (Strong  Yorkshire,  mean  of  9  experi- 
ments),   9>824 

„         (weak  specimens^  locality  not  stated),  3,000  to  3,500 

Limestone,  compact  (strong), 8,528 

„         magneskn  ^strong), 7,098 

i»  »         (weak), 3,050 

Mr.  Fairbaim's  experiments  further  show,  that  the  resistance  of 
strong  sandstone  to  crushing  in  a  direction  parallel  to  the  layers,  is 
only  six-sevenths  of  the  resistance  to  crushing  in  a  direction  perpen- 
dicular to  the  layers. 

The  hardest  stones  alone  give  way  to  crushing  at  once,  without 
previous  warning.  All  others  begin  to  crack  or  split  under  a  load 
less  than  that  which  finally  crushes  them,  in  a  proportion  which 
ranges  firom  a  fraction  little  less  than  unity  in  me  narder  stones, 
down  to  about  one-half  ia  the  softest. 

The  mode  in  which  stone  gives  way  to  a  crushing  load  is  in 
general  by  shearing.    (Article  157,  pp.  235,  236.) 

Experiments  on  the  strength  of  stones  have  hitherto  been  made 
almost  universally  on  cubical  specimens.  It  is  desirable  that  they 
should  be  made  on  prismatic  specimens,  whose  heights  are  at  least 
onoe  and  a-half  their  diameters;  for  an  experiment  made  by 
crushing  a  cube  indicates  somewhat  more  than  the  real  strength  of 
the  material 

When  any  building  of  importance  is  projected,  the  best  course  is 
not  to  trust  to  books  for  information  as  to  the  strength  of  the 
stone  to  be  used,  but  to  test  it  by  special  experiments,  which 
can  easily  be  made  by  the  aid  of  a  hydraulic  press.  As  to  the 
method  to  be  followed  in  making  those  experiments,  and  calculating 
their  results,  in  order  to  insure  accuracy,  see  Article  144,  pp. 
223,  224. 

The  factor  of  safety  in  structures  of  stone  should  not  be  less  than 
eight,  in  order  to  provide  for  variations  in  the  strength  of  the 
material,  as  well  as  for  other  contingencies.  In  some  structures 
which  have  stood  it  is  less;  but  there  can  be  no  doubt  that  these 
err  on  the  side  of  boldness. 

216.  TertiBs  iHnmMMtf  *r  Bf  mm,  The  appearances  which  indi- 
cate probable  durability  have  already  been  mentioned  in  describ- 
ing particular  kinds  of  stone;  but  they  are  often  deceptive. 
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One  test  of  the  probable  oomparative  durability  of  tUmes  ofihe 
9ame  hind  is  the  smallness  of  the  weight  of  water  which  a  given, 
weight  of  stone  is  capable  of  absorbing. 

The  following  are  examples : — 

Granite  absorbs  one  part  of  water  in  from  80  to  700  of  stone. 
Gneiss,        „  „  „  „        about  40       „ 

Clay  Slate,  „  „  „  „        80  to  700      „ 

Sandstone  (Strong,  Yorkshire),  „        30  to    60      „ 

Another  test  of  probable  oomparative  durability  (invented  hj 
M.  Brard)  is  to  imitate  the  disintegrating  action  of  frost  by  means 
of  the  crystallization  of  sulphate  of  soda,  and  weigh  the  frogments 
so  detached  from  a  block  of  a  given  size  and  suH'aoe  in  a  given 
time.     {Armcdes  de  Chimie  et  de  FhysiquBy  vol.  38.) 

The  only  sure  test,  however,  of  the  durability  of  any  kind  of 
stone,  is  experience;  and  the  engineer  who  proposes  to  use  stone 
from  a  particular  stratum  in  a  particular  locality  in  any  important 
structui*e  should  carefully  examine  buildings  in  which  that  stone 
has  been  already  used,  especially  those  of  old  date. 

The  great  difference  which  may  exist  in  the  durability  of  stones 
of  the  same  kind,  and  presenting  little  difference  in  appearance,  is 
strikingly  exemplified  at  Oxford,  where  Christ  Church  Cathedral, 
built  in  the  twelfth  or  thirteenth  century,  of  oolite  from  a  quarry 
about  fifteen  miles  away,  is  in  good  preservation,  while  many 
colleges  only  two  or  three  centuries  old,  built  also  of  oolite,  from  a 
quarry  in  the  neighbourhood  of  Oxford,  are  rapidly  crumbling  to 
pieces. 

217.  PnacrraU^M  m€  ■!•■«.— The  various  processes  which  have 
been  tried  or  proposed  for  the  preservation  of  naturally  perishable 
stone  aU  consist  in  filling  the  pores  of  the  stone  at  and  near  its 
exposed  sur&ce  with  some  substance  which  shall  exclude  air  and 
moisture.  In  every  case  the  suiface  of  the  stone  should  be  pre- 
pared to  receive  the  preserving  material  by  expelling  the  existing 
moisture  as  completely  as*  possible;  and  this  is  easily  done  by  the 
aid  of  a  portable  furnace  containing  burning  coke  or  charcoaL 

The  principal  preserving  materials  are  the  following : — 

BUuminous  matter,  such  as  coal  tar,  is  veiy  efficient;  but  un- 
sightly from  its  colour.  It  is  possible,  however,  that  a  colourless 
or  light-coloured  bituminous  substance,  suited  for  the  preservation 
of  stone,  might  be  prepared  by  dissolving  "  paraffine  "  (so-called)  in 
pitch-oil,  or  by  some  such  process. 

Drying  Oil,  such  as  linseed  oil,  either  unmixed,  or  as  an  ing^redient 
of  paint,  protects  the  stone  for  a  time;  but  it  is  gradually  destroyed 
by  the  oxygen  of  the  air,  so  that  it  requires  renewal  from  time  to 
time;  and  it  injures  the  appearance  of  the  stone. 
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SiUcaie  of  Potash^  or  soluble  glass,  is  applied  in  a  state  of 
solution  in  water,  either  alone  or  mixed  with  silica  in  fine  powder. 
It  graduallj  hardens,  partly  through  the  evaporation  of  its  water, 
and  partly  through  the  removal  of  the  potash  by  the  carbonic  acid 
of  the  air. 

Silicate  of  Lime  is  produced  by  filling  the  pores  of  the  stone  with 
a  solution  of  silicate  of  potash,  and  then  introducing  a  solution  of 
chloride  of  calcium,  or  of  nitrate  of  lime.  The  chemical  action  of 
the  two  solutions  produces  silicate  of  lime,'which  forms  an  artificial 
stone,  filling  the  pores  of  the  natural  stone,  together  with  chloride 
of  potassium  or  nitrate  of  potash,  as  the  case  may  be,  which  salts, 
being  soluble  in  water,  are  washed  out. 

The  efiiciency  of  the  last  two  processes,  and  of  various  modifi- 
cations  of  them,  has  of  late  been  much  contested.  Time  and 
experience  only  can  show  their  real  merits. 

218.  fizpmiai«a  mf  wtmmm  br  H[«ii«— The  following  are  the  ex- 
pansions in  linear  dimensions,  according  to  the  experiments  of 
Mr.  Adie,  of  some  kinds  of  stone,  when  raised  from  the  tem- 
perature of  melting  ice  (32^  Fahr.)  to  that  of  water  boiling  under 
the  mean  atmospheric  pressure  (212^  Eahr.);  that  is,  trough 
180°  Fahr  :— 

GTranite, '0008  to  '0009 

Marble, '00065  to  'ooii 

Sandstone, '0009  to  '0013 

Slate, •ooi04< 


Section  II. — O/Brichy  cmd  other  Artificial  SUmee, 

219.  Clfty  f«r  Bricks. — The  various  sorts  of  clay,  which  isire  very 
numerous,  are  chemical  compounds  consisting  of  silicates  of 
alumina,  either  alone,  or  combined  with  silicates  of  potash,  soda, 
lime,  magnesia,  iron,  and  manganese.  The  complex  clays  ap- 
proximate in  their  composition  to  felspar;  and  mauy  of  them 
may  in  fact  be  considered  as  soft  varieties  of  felspar.  (Article 
210,  p.  354.) 

Clay  and  sand  mechanically  mixed  constitute  loemi;  clay  and 
carbonate  of  Kme  mechanicsdly  mixed,  Tnarl.  Amongst  other 
substances  which  are  found  mixed  with  clay  are  peroxide  of  iron, 
Bulphuret  of  iron,  bitumen,  &c. 

Every  kind  of  clay  has  the  property,  in  its  natural  condition,  of 
swelling  and  forming  a  paste  when  mixed  with  water.  The  ex- 
pidsion  of  the  water  by  heat  is  a  slow  process,  and  requires  a  high 
temperature,  and  is  accompanied  by  drinking  and  hardening  of 
the  mass  of  clay.     It  is  doubtful  at  what  temperature  the  ex- 
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pulsioii  of  the  water  is  complete ;  for  so  fiir  aa  experiment  has  yet 
been  carried,  it  appears  that  how  high  soever  the  temperature  at 
which  a  mass  of  day  has  been  "  burnt,*'  as  it  is  called,  it  will 
continue  to  shrink  and  to  lose  weight  if  raised  to  a  higher  temper^ 
ature.  A  mass  of  burnt  claj,  at  temperatures  lower  than  that  at 
which  it  has  been  burnt,  expands  with  heat  and  contracts  with 
cold  like  other  solid  substances. 

By  the  operation  of ''  burning,**  at  a  sufficienily  high  temperature, 
clay  becomes  hard  and  gritty,  and  loses  either  wholly  or  almost 
wholly  the  property  of  combining  with  water.  Whether  the  clay 
afterwards  slowly  softens,  and  recovers  that  property  or  not,  depends 
on  its  composition,  and  on  the  chemical  agents  to  which  it  is  ex- 
posed. The  presence  of  alkaline  constituents  in  the  clay,  and  the 
action  of  acids  upon  it,  tend  to  promote  softening;  and  this  goes  on 
the  more  rapidly  if  it  has  been  burned  at  too  low  a  temperature. 

Single  earthy  aUieates,  or  compounds  of  silica  with  one  other 
earth,  are  difficult  of  fusion,  and  resist  the  most  intense  heat  <^  a 
furnace.  This  has  been  already  exemplified  in  tersilicate  of 
magnesia,  or  soapstona  (Article  212,  p*  357.)  Double,  or  more 
complex  silicates,  are  more  easily  fusible,  especially  if  one  of  the 
two  or  more  silicates  that  are  combined  has  for  its  base  potash, 
soda,  or  lime.  In  conformity  with  this  general  law,  the  rq/ractary 
daySj  or  those  which  resist  fusion  by  the  great^  heat  of  an 
ordinary  furnace,  are  those  which  consist  of  silicate  of  alumina 
alone ;  and  such  clays  only  are  fit  to  make  fire-bricks  and  crucibles, 
and  to  cement  together  the  paits  of  fumaoe& 

The  following  are  examples : — 

Porcelain  Clay,  or  Kaolin^  consists  of 

1  equivalent  of  alumina, 
3  equivalents  of  silica, 

which  compound,  in  the  natural  state,  is  combined  with  two 
equivalents  of  water,  nearly  all  of  which  can  be  expelled  by  a 
white  heat  It  is  found  in  the  neighbourhood  of  granitic  rocks, 
having  been  formed  by  the  slow  decomposition  of  potash-felspar, 
under  the  action  of  the  carbonic  acid  and  moisture  of  the  atmo- 
sphere, which  have  abstracted  the  potash  and  nine  equivalents 
of  silica.  Its  colour  is  white  or  cream-colour. 
Stourbridge  Fire  Clay  consists  of 

1  equivalent  of  alumina, 
6  equivalents  of  silica, 

with  two  equivalents  of  water,  or  thereabouts,  which  can  be  iieai*ly 
all  expelled  by  a  white  heat,  and  a  small  quantity  of  oxide  of  iron. 
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This  and  other  fire-clays  are  found  ohieflj  in  the  coal  formation. 
Their  colours  are  white,  light-gray,  and  yellowish-gray,  the  colour- 
ing matter  being  in  general  a  small  quantity  of  oxide  of  iron. 

Common  Clay9  are  rendered  less  difficult  to  fuse  than  porcelain 
clay  and  fire-clay,  by  the  presence  of  silicates  of  lime,  magnesia,  and 
protoxide  of  iron ;  and  the  bricks  made  of  them,  when  thoroughly 
burned,  are  partially  vitrified  Of  these  constituents,  protoxide  of 
iron  is  the  most  favourable  to  the  quality  of  the  clay  as  regards 
the  purpose  of  brickmaking,  as  it  promotes  the  strength  and  hard- 
ness of  the  bricks.  Its  presence  is  shown  by  a  dark  greyish-blue 
colour,  which  is  changed  to  red  at  and  near  the  surface  of  the 
bricks  by  burning. 

Silicate  of  lime  in  the  clay  in  any  considerable  quantity  makes  it 
too  fusible,  so  that  the  bricks  soften  in  the  kilns  and  become  dis- 
torted. 

Carbonate  of  lime,  mixed  with  the  clay  in  considerable  quantity 
(indicated  by  effervescence  with  acids),  loses  its  carbonic  add  during 
the  burning;  and  the  quicklime  which  remains  tends  afterwards  to 
absorb  moisture,  and  cause  disintegration  of  the  brick.  Clay  con- 
taining this  impurity  should  be  avoided  in  making  bricks. 

Sand  mixed  with  the  clay  in  moderate  quantity  is  beneficial,  as 
tending  to  prevent  excessive  shrinking  in  the  fire.  Excess  of  sand 
makes  the  bricks  too  biittla  One  part  by  volume  of  sand  to  four 
or  five  of  pure  clay  is  about  the  best  proportion. 

220.  iHuaflMtare  aad  ^— iJHw  •T  Brtrlifc  In  making  bricks, 
the  clay  having  been  cleared  of  stones,  is  ''tempered;*'  that  is, 
mixed  with  about  half  its  volume  of  water,  and  worked  by  stirring 
and  kneading  until  it  forms  a  perfectly  uniform  and  homogeneous 
paste.  The  quality  of  the  bricks  depends  mainly  on  the  efficiency 
with  which  this  is  dona  It  may  be  performed  by  a  machine  called 
a  "pug-mill"  in  which  the  clay,  contained  in  a  vertical  cylinder  or 
ban^l,  is  stirred  and  mixed  by  flat  arms  projecting  from  a  rotating 
vertical  axis,  and  at  the  same  time  forced  downwards  by  the 
obliquity  of  the  surfaces  of  those  arms,  so  as  to  be  made  to  stream 
slowly  from  a  hole  near  the  lower  end  of  the  barrel 

The  wet  clay,  having  been  properly  tempered  and  worked,  is 
formed  into  bricks  in  moulds,  which  are  laiger  than  the  bricks  are 
intended  to  be  when  burned,  by  about  1-lOth  or  1-1 2th  of  each 
dimension,  that  being  the  oixlinary  proportion  in  which  the 
dimensions  of  the  brick  shrink  in  burning. 

Ordinary  moulds  for  bricks  measure  about  10  inches  in  length,  5 
inches  in  breadth,  and  3  inches  or  thereabouts  in  depth;  but 
bricks  for  special  purposes  are  moulded  of  a  great  variety  of 
shapes.  Yarious  madunes  have  been  invented  for  moulding 
them. 
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The  bricks,  having  been  dried  in  the  open  air,  or  in  a  drying 
house  with  a  temperature  of  from  50^  to  70°,  are  burned  in  kilns 
whose  temperature  is  gradually  raised  in  the  course  of  twenty-four 
hours  to  a  white  heat,  maintained  uearlj  at  that  temperature  until 
the  bricks  are  sufficiently  burnt,  and  then  allowed  to  cool  by  slow 
degrees.  The  duration  of  the  process  of  burning  and  cooling 
varies ;  but  fifteen  days,  or  thereabouts,  is  not  unusual. 

From  data  contained  in  a  paper  by  Mr.  F.  W.  Simms,  it  appears 
that  the  labour  of  making  bricks  by  hand  is  as  follows : — 


[  one  temperer. 
Three  men,  viz......  <  one  moidder, 

\  one  wheeler. 


a,  VIZ......  <  < 

b 

J  .       ,  .      f  one  carrier  boy, 

and  two  boys,  viz.,  |  ^^^  picker^up'i;oy, 

make  16,100  bricks  per  week.     This  is  at  the  rate  of 

The  fuel  consumed  in  burning  bricks  ranges  from  5  to  10  cwt. 
per  1,000  bricka 

The  following  are  characteristics  of  good  bricks. 

To  be  regular  in  shape,  with  plane  parallel  surfaces  and  sharp 
right-angled  edges. 

To  give  a  clear  ringing  sound  when  struck. 

When  broken,  to  show  a  compact  uniform  structure,  hard  and 
somewhat  glassy,  and  free  from  air-bubbles  and  cracks. 

Not  to  absorb  more  than  about  one-fifteenth  of  their  weight  of 
water. 

Bricks  which  answer  the  preceding  description,  when  fiet  an  end 
in  a  hydraulic  press,  should  require  at  least  1,100  lbs.  on  the  square 
inch  to  crush  them,  agreeably  to  the  strength  of  '' strong  red 
bricks,**  as  stated  in  the  table  at  the  end  of  the  volume;  and  they 
will  sometimes  bear  considerably  more.  A  amall  pillar  of  brick- 
worky  made  of  bricks  of  this  qusJity  laid  in  cement,  should  require 
from  800  to  1,000  lbs.  on  the  square  inch  to  crush  it. 

Bricks  in  general  begin  to  show  signs  of  giving  way,  by  splinter- 
ing and  cracking,  when  under  about  one-half  or  two-thirds  of  their 
crushing  load. 

The  weaker  qualities  of  bricks  may  be  estimated  as  having  from 
one-half  to  two-thirds  of  the  strength  stated  above. 

The  bricks  supplied  for  every  building  of  importance  should  be 
carefully  inspected^  and  the  defective  ones  thrown  away. 
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The  expansion  of  bricks  by  beat,  in  rising  from  32°  to  212^ 

Fabr.  is  as  follows,  according  to  Mr.  Adie : — 

# 

Common  brick, "oo355 

Fii^  brick, '0005. 

221.  €«»prMM4  Brick*  are  made  by  drying  the  clay,  grinding 
it  to  a  fine  powder,  putting  it  into  moulds  of  proper  shapes,  sul^ 
jecting  it  to  a  pressure  of  about  5  tons  on  the  square  inch,  and 
baking  the  bricks  in  a  pottery-oven.  The  bricks  so  made  have 
about  once  and  a-half  the  heaviness  of  ordinary  bricks,  and  con- 
siderably greater  strength.     They  shrink  very  little  in  baking. 

222.  Oilier  ArUAdal  SiMiM.— Artificial  sandstone,  closely  re- 
sembling natural  sandstone  in  appearance,  strength,  and  durability, 
is  made  by  cementing  clean  sharp  sand  together  with  silicate  of 
potash,  or  silicate  of  lime. 

A  sort  of  artificial  limestone  has  been  made  by  compressing  the 
chalky  mud  of  the  Thames  in  iron  moulds  by  the  blows  of  a  steam- 
hammer. 

The  composition  and  use  of  Concrete  will  be  explained  in  the 
next  section. 


Sbchok  III. — 0/  Cementing  Materials. 

223.  ▲■alyate  of  lAwiMt^mm  and  CemeBt  flimMa.— -Stones  con- 
taining carbonate  of  lime  in  combination  and  mixture  with  other 
roinersds  are  the  most  abundant  and  useful  source  of  the  cementing 
materials  used  in  masonry.  The  following  are  their  principal 
constituents,  with  their  chemical  equivalents : — 

Carbonic  Add  (see  p.  353), 22 

Lime  (see  p.  352), 285 

Carbonate  of  Lime,  2 2  +  28*5  = 50*5 

Magnesia  (see  p.  353), 207 

Carbonate  of  Magnesia,  22  +  20*7  = ...  427 

Silica  (see  p.  352), i6*5 

Alumina  (seep.  352), 51*4 

Protoxide  of  iron  (see  p.  353), 36 

Peroxide  of  iron  (iron  56  +  oxygen  24),....  8o* 
Water  (hydrogen  i  +  oxygen  8),    9* 

It  would  be  out  of  place  in  this  work  to  enter  into  details  of 
cheHlical  processes;  nevertheless,  it  may  be  useful  to  ^ve  the 
following  directions  for  determining  roughly  the  proportions 
of  those  constituents  of  limestone  which  are  of  the  greatest 
practical  importance. 
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I.  Weigh  a  specimen  GareAilly;  calcine  it  in  a  omcible,  and 
weigh  it  again ;  the  loss  of  weight  shows  the  quantity  of  carbonk 
cusid  and  water  together  in  the  specimen  j  bnt  if  it  has  been  well 
dried  preyiously,  at  a  temperature  not  sufficient  to  expel  carbonic 
acid  (which  requires  a  bright  red  heat),  the  water  remaining  may  be 
neglected,  and  the  whole  loss  considered  as  cevrbomc  acid. 

II.  Weigh  another  specimen  of  from  30  to  80  grains;  reduce  it 
to  impalpable  powder  in  a  mortar,  mix  it  with  three  times  its 
weight  of  caustic  potash  or  soda,  and  heat  it  to  redness  in  a  silver 
crucible;  dissolye  the  whole  in  slightly  diluted  muriatic  acid;  the 
rapidity  of  solution  may  be  increased  by  heating  the  diluted  acid  to 
near  the  boiling  point  of  water.  Evaporate  the  solution,  taking 
care  to  stir  it  continually  towards  the  end  of  the  process,  until  it 
becomes  thick  and  pasty :  this  shows  that  the  silica  has  coe^^ted; 
mix  the  paste  with  eight  or  ten  times  its  volume  of  boiling  water : — 
this  will  dissolve  every  constituent  except  the  silica: — ^filter  the 
solution,  washing  the  precipitate  well  with  water,  taking  care  to 
preserve  all  the  water  so  used  along  with  the  original  liquor;  diy 
and  calcine  the  precipitate  left  on  the  filter;  weigh  it: — ^this  will 
give  the  quantity  of  nlica  in  the  specimen. 

III.  To  the  liquor  add  water  of  ammonia  in  excess;  to*  pre- 
cipitate the  alumina,  the  oxide  of  iron,  and  part  of  the  magneeia. 

Then  add  lime-water  by  degrees  as  long  as  a  precipitate  M\&, 
That  precipitate  is  the  remainder  of  the  magnesia.  Wash  the 
whole  precipitate;  dry  it;  calcine  it;  weigh  it.  To  the  weight 
thus  found  add  the  weight  of  the  silica  found  by  operation  II,  and 
that  of  the  carbonic  acid  as  calculated  from  the  result  of  operation 
I;  subtract  the  sum  from  the  whole  weight  of  the  specimen;  the 
remainder  will  be  the  lime. 

TV.  From  the  total  carbonic  acid  found  by  process  I,  (and 
reduced  to  the  weight  of  the  second  specimen)  subtract  the  weight 
of  lime  found  by  process  III.  X  22  -5-  28*5 ;  the  remainder  will  be 
the  quantity  of  carbonic  acid  in  combination  with  magnesia;  and 
that  remainder  X  20*7  -h  22  will  give  the  quantity  of  magnesia  in 
combination  wiih  carbonic  acid. 

V.  Subtract  the  result  of  process  lY.  from  that  of  process  III. ; 
the  result  will  be  the  quantity  of  alumina  and  oocide  qfiron,  and  of 
magnesia  combined  with  silica,  if  any ;  but  in  &ct,  so  £&r  as  lime- 
stones are  known,  the  whole  of  the  magnesia  is  in  the  state  of 
carbonate.  For  the  present  purpose  it  is  unnecessary  to  separate 
the  alumina  from  the  oxide  of  iron  (although  it  might  be  done  by 
means  of  caustic  potash,  which  dissolves  the  alumina  and  Iteves 
the  iron). 

The  most  important  result  of  the  analysis  is  the  proportion  of 
carhanates  to  silicates  in  the  ston&     The  quantity  of  carbonates 
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maj  be  approximated  to  in  a  rough  way  by  multiplying  the  total 
qiiantity  of  carbonic  acid,  as  found  by  the  first  process,  by  the 
following  multipliers : — 

If  the  limestone  is  not  magnesian, 2*3; 

if  there  is  one  equivalent  of  carbonate  of  mag- 
nesia for  each  equivalent  of  carbcmate  of  lime,  2  *  1 2  ^ 

and  the  truth  wiU  almost  always  be  between  those  limits.  The 
remainder  of  the  stone  may  be  held  to  consist  wholly  or  almost 
wholly  .of  silicates. 

The  substances  obtained  by  calcining  different  limestones  and 
cement  stones  may  be  divided  into  the  following  four  classes : — 

L  Fure,  Etch,  or  FcU  Lime,  produced  from  stones  containing 
little  or  no  silicate,  which  << slakes"  by  absorbing  moisture,  and 
having  been  made  into  a  paste  with  water,  hardens  slowly  in  air, 
and  not  at  aU  under  water. 

IL  Hf/drmUic  Limes,  produced  from  stones  containing  moderate 
quantities  of  silicates  (fix>m  10  to  30  per  cent),  which  slake,  but 
less  rapidly  than  pure  lime,  and  harden  under  water  slowly.  These 
paBs  by  insensible  gradations  into 

in.  Cements,  produced  from  stones  containing  from  40  to  60  per 
cent  of  silicates,  which  do  not  slake,  and  which  harden  quickly 
nnder  water. 

lY.  FuzzoUmas,  which  contain  silicates  in  excess,  and  are  used 
to  make  cement  by  mixing  them  with  pure  lime. 

224.  Pne»  lUtfht  or  Faa  lAmm  ia  made  by  calcining,  at  a  bright 
red  heat  or  somewhat  higher,  limestone  that  consists  whoUy  or 
ftlmost  wholly  of  carbonate  of  lime,  such  as  marble,  or  chalk. 
Such  limestone  loses  44  per  cent,  of  its  weight  by  burning,  and 
leaves  56  per  cent  of  its  weight  of  lime.  Of  this,  about  one-eighth 
is  usually  wasted. 

The  operation  of  lime-burning  is  performed  in  kilns  of  two  sorts. 
Ib  the  more  common  kind,  the  kiln  is  circular  in  plan,  and  oval  in 
vertical  section,  the  diameter  at  the  bottom  being  about  6-lOths 
of  the  greatest  diameter;  it  seldom  exceeds  10  or  12  feet  in  height, 
but  ToAy  be  less;  it  is  filled  with  alternate  layers  of  limestone  and 
fuel,  and  when  the  burning  is  completed  the  whole  charge  is  removed. 
T^e  whole  operation  takes  from  30  to  50  hours.  Another  sort  of 
kiln  is  cylindrical,  or  nearly  so,  with  its  axis  vertical  .  It  is  contin- 
uously fed  with  limestone  at  the  top,  which  descends,  and  is  calcined 
hy  the  flame  coming  from  a  furnace  at  one  side  of  the  kiln,  and  reaches 
the  bottom  completely  burnt,  whence  it  is  gradually  removed. 

The  weight  of  the  coal  consumed  is  from  l-5th  to  l-6th  of  that  of 
the  lime  burned. 

2b 
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One  oabio  foot  of  chalk  in  block,  weighs  90  lbs.,  nearly. 

,,  of  broken  chalk, 63  „ 

„  of  the  quicklime  from  the 

same  chalk,  in  pieces,  35  „ 

When  rich  quicklime  is  moistened  with  water,  it  slakes;  that  is 
to  say,  it  combines  chemically  with  one  equivalent  of  water  (9  parts 
by  weight)  to  one  equivalent  of  lime  (28*5  parts  by  weight),  and 
forms  slaked  lime,  or  in  chemical  language,  hydrate  of  lime.  Daring 
this  process,  the  lime  swells  to  from  twice-and-a-half  to  thrice^and- 
a-half  its  original  bulk,  becomes  very  hot,  and  falls  to  powder. 
The  same  process  takes  place  slowly  through  absorption  of  moisture 
from  the  atmosphei^e ;  but  lime  for  buildmg  purposes  ought  never 
to  be  ''air-slaked,*'  as  this  slow  operation  is  called;  for  the  lime 
thus  exposed  to  the  air  absorbs  not  only  water,  but  carbonic 
add;  and  part  of  it  returns  to  the  state  of  carbonate  of  lime.  To 
guard  against  this  sort  of  deterioration,  quicklime  should  be  kept  in 
barrels,  or  in  a  dry  store,  until  it  is  required  for  use,  and  then 
rapidly  slaked  with  water.  The  hardening  of  slaked  lime  is  pro- 
duced by  gradual  absorption  of  carbonic  acid  from  the  atmosphere, 
and  crystallization  of  the  carbonate  of  lime  so  formed.  It  is  a  very 
slow  process,  but  produces,  after  the  lapse  of  years,  a  very  hard 
material 

225,  nr^NiBlie  litaiea  are  obtained  by  burning  limestones,  which 
contain  silicates  of  alumina,  and  sometimes  carbonate  of  magnesia, 
and  which  in  general  are  compact,  and  of  a  gray,  blue,  or  brownisb- 
yeUow  colour.  Besides  the  test  of  chemi<»l  analysis  already 
mentioned  in  Article  223,  the  following  direct  test  may  be  applied 
to  limestones  supposed  to  be  hydraulic. 

Calcine  two  or  three  cubic  inches  of  the  stone  in  a  crucible  : — 
pound  the  calcined  lime :  make  it  into  a  stiff  paste  with  water,  and 
form  it  into  a  ball,  which  immerse  in  a  glass  of  water.  If  it  is 
hydraulic  lime,  it  will  harden  under  water  so  as  to  resist  the 
pressure  of  the  finger  in  a  time  varying  from  24  hours  to  a 
fortnight,  according  to  its  composition;  and  if  its  quality  is  good, 
in  a  month  it  will  be  about  as  hard  as  weak  limestone. 

If  it  is  cefnerU,  it  will  harden  so  as  to  resist  the  pressure  of  the 
finger  in  a  few  minutes. 

The  best  kinds  of  hydraulic  lime  slake  so  imperfectly,  that  they 
must  be  pulverized  by  grinding  them  in  the  dry  state  in  a  mill 
consisting  of  a  circular  trough,  in  which  two  stone  rollers  shaped 
like  milLstones,  at  opposite  ends  of  a  bar  rotating  with  a  vertical 
shaft,  roll  round,  and  so  crush  and  grind  the  lime  to  a  fine  powder. 
Hydraulic  lime  should  be  kept  in  sacks  or  barrels  in  a  diy  store, 
and  exposed  as  little  as  possible  to  air  and  moisture  until  it  is  about 
to  be  used. 
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It  18  a  mixture  of  quicklime  with  silicates  of  alumina  and  iron, 
and  sometiines  with  magnesia.  Its  hardening  under  water  arises 
from  the  formation  of  an  artificial  stone,  consisting  of  compound 
silicatee  of  lime,  alumina,  and  the  other  bases.  In  hydraulic  lime, 
as  distinguished  from  cement,  there  would  seem  to  be  a  greater  or 
less  surplus  of  lime  beyond  that  which  is  capable  of  combining  with 
the  silica  and  alumina. 

226.  Namvai  Ceveat  is  obtained  by  burning  stones  in  which 
carbonate  of  lime  and  silicates  exist  in  such  proportions  that,  when 
the  carbonic  acid  is  expelled,  the  lime  is  exactly  in  the  proportion 
required  to  make  a  hard  compound  with  the  silica  and  alumina. 
From  the  experiments  of  M.  Vicat  and  of  General  Sir  Charles 
Pasley,  on  making  artificial  cements,  it  would  appear  that  the  best 
mixture  for  making  cement  consists,  before  burning,  of 

two  equivalents  of  carbonate  of  lime,...  50-5  X  2  =  loi-o 
one  equivalent  of  clay,  of  which  the  probable 
composition  is 

one  equivalent  of  alumina, 51*4 

six  equivalents  of  silica, 93*0       144*4 

so  that  the  composition  in  one  hundred  parts  is^ 

carbohate  of  Hme, 41 

clay, 59 

100 

and  the  rapidity  with  which  the  cement  hardens  imder  water 
depends  on  the  nearness  with  which  the  composition  of  the  stone 
approximates  to  these  proportions. 

Cement  stones  are  usually  found  in  thin  strata  amongst  those  of 
hydraulic  limestone.  Their  most  frequent  colours  are  brown  and 
&wn-coloured,  their  texture  compact,  and  fracture  earthy.  After 
having  been  burned,  they  are  ground  to  powder,  which  is  packed 
in  barrels,  and  care^ly  kept  dry  till  required  for  use.  In  this 
state,  it  consists  of  a  mixture  of  quicklime  with  silicate  of  alumina. 
^  soon  as  it  is  made  into  a  paste  with  water,  chemical  action  takes 
place,  and  a  double  silicate  of  alumina  and  lime  is  formed,  whose 
composition,  ia  the  best  cement,  would  seem  to  be, 

two  equivalents  of  lime 28*5  X  2  =:    S7"o 

one  equivalent  of  alumina, 51*4 

six  equivalents  of  silica, iS'5  X  6  s=s    93*0 

201 '4 

^d  this  double  silicate  forms  a  compact  artificial  stone. 
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227.  ArtMrtBi  €«HMBt  is  made  by  taking  either  gromid  chalk  or 
slaked  pore  lime,  and  blue  day,  in  the  proportions  that  will  give 
the  chemical  composition  stated  in  the  prececUng  article,  thoroii^y 
mixing  those  ingredients  into  a  paste  with  water  in  a  pog-mill, 
making  the  paste  into  balls  of  2  or  3  inches  in  diameter,  drying 
those  balls,  oUcining  them,  and  grinding  them  to  powder.  It  is 
eqnal,  if  not  superior,  to  any  natural  cement 

228.  P«— !■—  are  mixtures  analogous  to  cements,  but  con- 
taining an  excess  of  silicates  and  a  deficiency  of  lime,  so  that  they 
must  be  mixed  with  pure  lime  in  order  to  make  cement^  or 
hydraulic  lime,  according  to  the  proportions. 

One  of  the  best  puzzolanas  is  "  Mine-dust,'*  which  is  probably  a 
silicate  of  protoxide  of  iron.  If  mixed  with  lime,  so  as  to  give  the 
mortar  a  bluish-gray  colour,  it  produces  a  cement  of  extraordinuy 
hardness  and  tenacity,  which  is  probably  a  double  silicate  of  lime 
and  protoxide  of  iron. 

An  ordinary  proportion  of  mine-dust  is  about  one  part  (by 
volume)  to  two  parts  of  hydraulic  lime,  measured  in  the  dry  state; 
but  the  best  way  to  fix  the  proportions  is  by  trial 

Artificial  puzzolana  may  be  made  by  grinding  bricks,  or  by 
burning  good  brick-clay  and  grinding  it;  in  short,  by  any  process 
which  yields  a  dry  powder  of  silicate  of  alumina,  or  compound 
silicate  of  alumina  and  iron. 

229.  HOTisr,  C«aiiBMi  and  Kydnalto.— Mortar  is  made  by  mix- 
ing lime  and  sand  with  enough  of  water  to  form  them  into  a  semi- 
fluid paste,  in  which  state  it  is  used  as  a  binding  material  in 
masonry  and  brickwork. 

Common  Moriar,  being  made  with  pure  lime,  hardens  in  the  air 
by  the  evaporation  of  the  water,  and  by  the  absorption  of  carbonate  of 
lune  from  the  atiposphere,  which  crystallizes  in  the  course  of  yeara. 
If  the  water  evaporates  too  fast,  the  mortar  fidls  to  powder;  if  it 
does  not  evaporate,  the  mortar  remains  always  soft.  Very  slow 
evaporation  of  the  water  is  therefore  fiivourable  to  the  ultimate 
hardness  of  the  mortar. 

Hydraulic  Mortar,  being  made  with  hydraulic  lime,  hard^os 
partly  by  the  formation  and  crystallization  of  carbonate  of  lime,  as 
above  stated,  but  principally  by  the  formation  and  crystallization 
of  a  complex  silicate  of  lime,  alumina,  and  other  bases.  (See 
Article  225,  p.  371.) 

Common  mortar  may  be  made  hydraulic  by  a  mixture  of 
puzzolana.     (Article  228,  above.) 

The  sand  employed  should  be  clean,  sharp,  and  rather  coarse 
than  fine.  In  oider  to  render  sand  which  is  naturally  mixed  with 
day  fit  for  use  in  making  mortar,  it  should  be  washed  by  stirring 
it  amongst  water,  a  slight  current  of  which  will  carry  away  the 
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day  in  siiiq)eiudon,  and  leave  the  aand  Good  aand  for  mortar  is 
obtained  by  crushing  soft  sandstone.  Sea-sand  shonld  be  washed 
with  fresh  water;  otherwise  the  salts  contained  in  it  will  keep  the 
mortar  always  moist. 

In  hydzaolic  as  well  as  in  common  mortar  the  sand  remains  in  a 
state  merely  of  mechanical  mixture,  so  that  the  mortar,  when 
hardened,  becomes  a  sort  of  artifidal  sandstone,  consisting  of 
gruns  of  sand  imbedded  in  a  matrix  of  carbonate  of  lime,  or  of 
silicate  of  lime  and  other  bases,  as  the  case  may  be.  The  uses  of 
the  mixture  of  sand  with  the  lime  are  as  follows : — 

To  save  expense,  by  diminighing  the  bulk  of  the  lime,  which  is 
the  more  costly  material,  required  to  fill  a  given  joint  in  the 
masonry. 

To  increase  the  resistance  of  the  mortar  to  crushing. 

To  lessen  the  amount  of  shrinking,  and  the  consequent  tendency 
to  crack,  during  the  drying  of  the  mortar. 

But,  at  the  same  time,  the  mixture  of  sand  diminishes  the 
tenacity  of  the  mortar ;  and  if  too  much  be  used,  the  mortar  will 
become  bi-ittle,  and  £bJ1  to  powder  as  it  driea 

The  proportion  of  sand  which  lime  will  '^  bear,"  as  it  is  called, 
without  making  the  mortar  brittle,  is  the  greater  the  purer  the 
lime,  and  the  less  the  more  strongly  hydraulic  the  lime  is.  The 
best  proportions,  according  to  Vicat,  are — 

2'4  measures  of  sand  to  1  of  pure  slaked  lime  in  paste ; 
1*8  measures  of  sand  to  1  of  good  hydraulic  lime  in  paste; 

and  lime  of  intermediate  qualities  bears  intermediate  proportions  of 
sand. 

When  sand  and  puzBolana  are  mixed  with  pure  lime  to  make 
hydraulic  mortar,  the  sand  and  puzzolana  together  may  measure 
&om  double  to  2^  times  the  volume  of  the  Hme  before  slaking. 

In  mixing  mortar,  however,  the  best  method  is,  to  ascertain 
the  proper  proportions  in  each  case  by  trial 

The  labour  of  miocing  mortal  by  the  shovel  may  be  estimated  at 
about 

f  of  a  day's  work  of  a  man  per  cubic  yard. 

A  two  horse  pug-Tmll  mixes  mortar  at  the  rate  of  from  20  to  25 
cubic  yards  per  day. 

As  hydiaulio  mortar  tends  to  eel,  or  harden,  even  in  the  wet  state, 
it  should  not  be  mixed  until  immediately  before  it  isi^uired  for  use. 

230.  CMiCNie  Madl  Bi— ^—Common  concrete  is  a  mixture  of 
Mortar  with  gravel,  in  proportions  such  that  the  gravel  and  sand 
together  are  about  six  times  the  volume  of  the  lime.  It  may  be 
nuxed  either  by  hand  or  by  the  pug-milL 
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Strong  Hydrandio  ConertUy  to  which  the  name  hff^  boROwed 
from  the  French,  has  been  applied,  is  made  bj  mixing  angular 
fragments  of  stone  of  from  1^  to  2  inches  in  diameter,  with 
hydraulic  mortar  in  such  proportions,  that  the  mortar  is  a  little 
more  than  enough  to  fill  the  spaces  between  the  stones : — ^a  propor- 
tion which  is  eMolj  found  by  trial  in  each  case.  It  may,  however, 
be  estimated  as  varying  from 

1  volume  of  stones  and  1  volume  of  mortar,  to 

2  volumes  of  stones  and  1  volume  of  mortar. 

Concrete  and  beton,  when  mixed,  occupy  at  first  from  two-thirds 
to  three-fourths  of  the  total  volume  of  their  materials  before  mixing; 
and  when  laid  and  rammed,  they  undergo  a  further  settlement  of 
about  one-sixth;  so  that  the  final  volume  of  concrete  and  beton 
varies  from 

§  to  I  of  the  volume  of  the  materials  when  unmixed. 

When  rounded  stones  only  can  be  obtained,  such  as  flints  from 
the  chalk  strata,  they  may  be  made  fit  for  the  composition  of  beton 
by  breaking  them  with  the  hammer  into  angular  pieces. 

231.  ailzcdl  c«M«Mt.— Cement  which  is  to  dry  and  set  when  fuUy 
exposed  to  the  air,  as  at  the  outer  edges  of  joints,  or  on  the  fiioe  of 
a  wall,  should  be  mixed  with  sand,  to  prevent  unequal  drying,  and 
consequent  shrinking  and  cracking.     The  proportions  vary  from 

1  measure  of  sand  and  2  of  cement,  to 
1  measure  of  sand  and  1  of  cement 

Every  mixture  of  sand  diminishes  the  tenacity  of  cement;  so  much 
so  that  a  mixture  of  equal  parts  of  sand  and  cement  has  only  one- 
fourth  part  of  the  tenacity  of  pure  cement  Where  the  surface  of 
the  cement,  therefore,  is  not  exposed  to  the  air,  the  only  advantage 
of  a  mixture  of  sand  is  the  saving  of  expense;  and  where  great 
tenacity  is  required,  pure  cement  should  be  used. 

232.  SCMBgtk  •^  Mmuw,  €«MeMt,  CMcraie,  Mi«  BcMiu—To  the 
data  given  in  the  tables  in  the  appendix,  the  following  results  of 
experiment  may  be  added : — 

AYEAKAin.A.HAI*ArmiMlITDKB.       teSTtSUS^ 

Mortar  of  Lime  and  Biver-Sand, 440 

„  „  „  beaten, •.,  600 

Mortar  of  Lime  and  Pit-Sand, 580 

„  „  „        beaten, 800 

Hydraulic  Mortar,  of  lime  and  pounded  tiles, 680 

„  „  „  beaten,  930 

Beton,  or  concrete,  of  mortar  and  broken  flints,  420 
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SiZTEBK  Yeabs  after  MiXTDRBy  the  increase  of  strength  is  in  the 
following  proportions : — 

For  common  mortar, i-8th 

For  hjdraulic  mortar, i-4th. 

(The  above  results  are  given  on  the  authority  of  Bondelet.) 

Oh.  Yeah  aftkr  Mutuee.  JZ^I^^ 

Good  hydraulic  lime, 170 

Ordinary  hydraulic  lime  'j  .    ^ l^^ 

Bichlime, 40 

Good  hydraulic  mortar, , 140 

Ordinary  hydraulic  mortar, 85 

Good  common  mortar, 50 

Bad  common  mortar, ao 

(The  above  are  from  Vicat) 

Six  Months  after  Mixture. 
Adhesion  of  conmion  mortar  to  compact  lime- 
stone,      15 

Adhesion  of  common  mortar  to  brick,  33 

(The  above  are  from  Bondelet) 

Cement  from  Chalk  Lime  and  Blue  Clay,  a  few 

days  after  mixture  (Sir  C.  W.  Pasley), 125 

Portland  Cement  (from  compact  limestone  and 

clay)  30  to  50  days  after  mixture,.... 1200 to  1550. 

233.  Otpmiib—- Phwicr  of  Paria.— Gypsum  is  a  compound  of 
sulphate  of  lime  with  water,  in  the  following  proportions : — 

one  equivalent  of  sulphuric  acid  (sulphur  16  + 

oxygen  24)= ^.. 40*0 

one  equivalent  of  lime, 285 

two  equivalents  of  water,  • •  18*0 

86-5 

It  is  found  stratified,  and  in  various  conditions,  crystalline, 
laminated,  granular,  and  earthy.  It  is  translucent,  usually  white 
or  gray,  has  a  pearly  lustre,  and  can  be  easily  scratched  with  a 
knife,  being  intermediate  in  hardness  between  rock-salt  and  cal- 
careous spar. 

By  calcining  gypeum  the  water  is  expelled,  and  it  becomes  a 
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dry  white  powder  of  sulphate  of  lime,  known  as  "  PUuter  qfPairisJ" 
When  this  powder  is  rapidly  mixed  with  water,  so  as  to  form  a 
paste,  it  immediately  b^ns  to  combine  with  part  of  the  water,  so 
as  to  reproduce  gypsum  in  a  compact  granular  state;  heat  is  at  the 
same  time  developed,  which  hastens  the  eyaporation  of  the  super- 
fluous water.  The  mixture  should  be  made  by  putting  the  powder 
into  the  water,  not  the  water  amongst  the  powder.  The  proportion 
of  water  used  varies  according  to  the  purpose  to  which  the  plaster 
is  to  be  applied]  on  an  average  it  is  about  equal  in  bulk  to  the 
powder. 

The  tenacity  of  plaster,  after  it  has  "  set,*'  or  hardened,  according 
to  Bondelet,  is  about  70  lbs.  per  square  inch. 

234.  BituBiMMM  CeHMBt  «■«  CMicMe.— A  bituminous  cement  is 
a  mixture  of  a  pitchy  or  bituminous  substance  with  an  earthy 
substance. 

For  example,  AsphaUic  MasUe  is  made  by  mixing  BUwrn/en^  or 
mineral  tar,  obtained  from  bituminous  shale  or  sandstone,  with  the 
powder  of  bituminous  limestone  or  asphalt : — a  mineral  which  con- 
sists of  carbonate  of  lime,  containing  in  its  pores  from  3  to  15  per 
cent,  of  bitumen. 

The  asphalt  may  either  be  broken  into  small  firagments  or 
ground  to  powder.  It  is  then  combined  with  the  bitumen  by 
heating  the  latter  in  an  iron  boiler,  and  adding  the  asphalt  by 
degrees,  taking  care  to  mix  the  ingredients  welL  The  proportions 
vary  with  the  composition  of  the  asphalt,  less  bitumen  being 
required  for  that  asphalt  which  contains  much  bitumen.  The 
average  proportion  may  be  estimated  at  about  1  part  by  measure  of 
bitumen  to  7  or  8  of  asphalt. 

Artificial  asphaltic  mastic  may  be  made  by  substituting  coal-tar, 
or  a  solution  of  piteh  in  piteh-oil,  for  bitumen,  and  adding  to  it 
finely  ground  limestone  till  a  proper  consistency  is  attained. 

A  mastic  composed  -of  coal-tar  and  finely  ground  fireclay,  in 
proportions  which  have  never  been  exadiy  determined,  but  which 
are  adjusted  by  trial  until  the  mixture  when  cool  is  just  soft 
enough  to  yield  visibly  to  the  pressure  of  the  nail,  and  no  more, 
has  been  found  exceedingly  useful  to  make  tight  jointe  in  pip^ 
especially  those  traversed  by  strong  acids,  which  would  act  upon  a 
mastic  containing  limestone. 

A  hUwminous  or  aspludtic  moria/r,  as  it  may  be  called,  is  made  by 
adding  to  the  before-mentioned  mixture  of  bitumen  and  powdered 
asphalt,  about  a  thirty-fifth  of  its  bulk  of  resin  oil,  and  three-fifUis 
of  its  bulk  of  sand. 

1 1  Measures  of  this  mixture,  with  9  of  broken  stone,  make  a  sort 
of  bitiumiTiaua  concrete,  suited  for  covering  the  sur&ces  of  roads.  Its 
use  will  be  further  described  under  the  head  of  Boadsl 
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235.  0K4immwf  Vmb^UiIImw  1»c«a««  ■■«  CimmM4.^The /(mndoOion 
of  a  work  of  maaoniy  on  land  consists,  in  the  first  place,  of  an 
excayation  in  the  gronnd,  and  secondly,  if  required,  of  a  structore 
at  the  bottom  of  that  excavation,  snited  to  form  a  firm  base 
for  the  masoniy.  The  foundations  to  which  this  section  relates 
are  those  in  which  either  an  excavation  alone  is  required,  or 
an  excavation  partially  filled  with  sand,  stones,  concrete,  or  beton. 
Foundations  of  a  more  difficult  character,  and  requiring  more  com- 
plex works  to  render  them  secure,  will  be  treated  of  in  a  later 
chapter. 

Ordinary  foundations  are  ranged  under  three  classes,  viz. : — 

L  Foundations  in  Rocky  or  material  whose  stability  is  not 
impaired  by  saturation  with  water. 

IL  Fawndationa  infirm  earthy  such  as  sand^  gravel,  and  hard  clay. 

IIL  Foundationa  in  soft  ecvrth. 

The  base  of  every  foundation  should  be  as  nearly  as  possible  per- 
pendicular to  the  direction  of  the  pressure  which  it  is  to  sustain, 
and  of  sufficient  area  to  bear  that  pi-essure  with  safety.  The  area 
is  increased  to  any  required  extent  by  making  the  lowest  courses  of 
znsuBoniy  or  brickwoik  in  the  building  spread  out  by  a  series  of 
steps  j  by  supporting  them  on  a  sufficiently  broad  layer  of  concrete 
or  beton;  by  making  inverted  arches  under  openings;  and  by  othei* 
contrivances.  The  oevUre  ofregistanoe  of  the  foundation  of  a  piece  of 
masonry  (or  point  traversed  by  the  resultant  of  the  pressure), 
should  not  deviate  from  the  centre  of  gravity  of  its  figure  beyond 
certain  limits,  which  will  be  afterwards  specified  in  particular 
cases. 

236.  lUck  VMiBdBti^M.— To  prepare  a  rock  foundation  for  being 
built  upon,  the  following  are  in  general  all  the  operations  that  are 
required: — 

I.  To  cut  away  all  loose  and  decayed  parts  of  the  rock. 

IL  To  cut  and  dress  the  rock  to  a  plane  surface,  or  to  a  set  of 
plane  sur&ces  like  those  of  steps,  perpendicular^  or  nearly  perpen- 
dicular, to  the  pressure  to  be  sustained. 

IIL  To  fill,  if  necessaiy,  hollows  in  rock  with  beton,  or  with 
rubble  masonry. 

lY.  In  some  cases  it  is  advisable,  in  order  to  distribute  the 
pressure,  that  the  rock  should  be  covered  with  a  layer  of  beton, 
whose  thickness,  in  different  examples,  ranges  firom  a  few  inches  to 
six  feet  and  upwards. 

The  intensity  of  the  pressure  on  a  rock  foundation  should  at  no 
point  exceed  one-eighth  of  the  pressure  which  would  crush  the  rock. 
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(See  Arfcide  215,  p.  36.)  The  following  are  ezamplee  of  the 
actual  intensity  of  the  pressure  on  some  existing  rock  found- 
ations : — 

PKaBBTBinUM. 

OD  the  on  the 

Square  FooL    Sqoare  Inch. 

Average  of  ordinaiy  cases,  the  i-ock 
being  at  least  as   strong  as  the  » 

strongest  red  bricks, 20,000     ...     140 

Pressures  at  the  base  of  St.  Kolloz 
Chimney  (450  feet  below  the  sum- 
mit^:— 

On  a  layer  of  strong  concrete  or 

l)eton,  6  feet  deep, 6,670     ...       46 

On  sandstone  below  the  beton,  so 
soft  that  it  crumbles  in  the 
hand, 4,000     ...       28 

The  last  example  shows  the  pressure  which  is  safely  borne  in 
practice  by  one  of  the  weakest  substances  to  which  the  name  of 
rock  can  be  applied. 

The  proper  rule  for  limiting  the  deviation  of  the  centre  of 
resistance  of  a  rock  foundation  from  the  centre  of  gravity  of  its 
fiffure  is,  that  there  should  be  no  tendon  ai  cmy  point  of  the  haee. 
The  following  is  the  formula  for  calculating  the  greatest  value  of 
the  deviation  in  question  which  is  consistent  with  that  limi- 
tation : — ^* 

Let  A  denote  the  area  of  the  base; 

y  the  distance  from  the  centre  of  gravity  of  the  figure  of  the  base 
to  the  edge  furthest  from  the  centre  of  resistance; 

h  the  total  breadth  of  the  base  in  the  same  direction ; 

I  the  moment  of  inertia  of  that  figure,  computed  as  for  the  cross- 
section  of  a  beam  relatively  to  a  neutral  axis  traversing  the  centre 
of  gravity  at  right  angles  to  the  direction  of  the  deviation  to  be 
found.  (See  -Article  162,  pp.  252-254,  and  Article  179,  pp. 
294,295.)  -  .     ^     J I      -  1 

)  the  deviation  to  be  found;  ■:)^  ^  ^  - ' 

then  ''    - 

>=^  =  «*' (!•) 

in  which  expression,  q  has  the  same  meaning  as  in  Article  179,  pp. 
294,  295,  where  a  table  of  its  values  for  various  figures  is  given. 

*  See  Applied  M^ehUma,  Artide  94,  pp.  76,  77;  Aitide  206,  pp.  228,  229. 


*)  1.  -^  . 
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The  only  aasamptioii  involved  in  this  equation  is^  that  the  pressure 
on  the  foundation  is  an  uniformly  vmrying  titress. 

237.  TkMrr^fBwthFMiidhutoM.  (i.  if.,  199.)— In  earth  "vrhose 
friction  is  alone  to  be  relied  on  for  resistanoe  to  displacement  by  the 
pressure  of  a  building,  the  weight  of  earth  displaced  by  the 
foundation  should  not  bear  a  less  ratio  to  the  weight  of  the  build- 
ing than  that  given  by  the  following  equations,  in  each  of  which 

X  represents  the  depth  of  the  foundation ; 
iD  the  weight  of  a  cubic  foot  of  the  earth ; 
0  its  angle  of  repose. 

Case  L  Let  the  weight  of  the  building  be  uniformly  distributed 
over  its  base,  and  let  p^  be  the  intensity  of  the  pressure  produced 
by  it     Then 

wx         /I  —  sin  ^y  s.  . 

Pq    —  \1  +  sin"^/  ^  '^ 

Case  II.  When  the  weight  of  the  building  is  so  distributed  that 
there  is  an  uniformly  vaiying  pressure  on  the  foundation,  as  as- 
BTuned  in  Article  236,  let  p^  be  Ihe  greatest,  p^  the  least,  and  p^  the 
mean  intensity  of  that  pressure;  then  the  two  following  conditions 
must  be  fulfilled : — 

-/^(i-^)"' w 

~^^: W 

Whence  are  deduced  the  following  restrictions  as  to  the  extent 
of  variation  of  the  intensity  of  the  pressure  on  the  base,  and  the 
deviation  of  its  centi-e  of  resistance  from  the  centre  of  gravity  of 
its  figure. 

._.-/".,..                    p,         /l+ain»y. 
^        ,  Pt—\l  —  «m<p/' ^*-^ 

-     *      '  >  =  gA-^a^=a. (5.) 

When  the  figure  of  the  foundation,  as  is  nsnallj  the  case,  is 
symmetrical  about  its  neutral  axis,  we  have 

and  consequently, 

wx        (1  —  sin  ^y  ^  -  2sin  ^ 

jjo    —  l  +  sin2(P  "^       l+«in2^^ ^^'> 
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>=?Aj;+|;=«*-T+ri5r^ (7-) 

The  following  table  gives  some  examples  of  the  values  of  ihe 
functions  of  the  angle  of  repose  which  occur  in  the  preceding 
formuln : — 

p  15°       20°       25°      30°  35'  40°       4^ 

1  —  Bin  (f  4 


1  —  sin  • 
1  +  sin  ^ 


0*588   0466  0-406   0-333       0-271       0-217     0-172 


(1  4-  sin  9\  ^ 
\_  '    ^J    a'Spo   4-472   6-070  9-000     13-619     21-152     33-94 

(1  ^ain  ^\* 
-    ,-.—    I    0346   0224  0-165   o-iii       0073       0-047  0*0295 
1  -r  sin  0/ 

1945  2-736  3535  5000      7-310     11076     17-47 
0*5^4   o'42i    0-283  o*200      0-137       0-090     0-057 


1  +  sin*  0 


(1- 

•  sm 

9f 

0- 

sin  0f 

1  + 

sin* 

9 

2  dn  9 

1  +   -"r^       **'4^^  ^'579  °'7^7   ^'^^      °'^^3      ^'9^°    ^'943 


238.  VmrnmSmdmrnm  te  FItm  ■wth.—When  a  foundation  is  to  be 
made  in  such  earth  as  hard  clay,  clean  dry  gravel,  or  clean  sharp  sand, 
— that  is  to  say,  in  earth  which  has  consideiuble  frictional  stability, 
and  is  not  liable  to  have  that  stability  diminished  by  becoming 
saturated  with  water, — ^it  is  rarely  necessary  to  apply  the  principles 
of  the  preceding  article;  because  the  depth  to  which  the  foundation 
must  be  sunk,  in  order  that  the  building  may  rest  on  earth  below 
the  reach  of  the  disintegrating  effects  of  frost  and  drought,  is  almost 
always  greater  than  i£ose  principles  require.  In  Britain  that 
depth  should  be  at  least  3  feet  for  sand  and  4  feet  for  day.  In 
continental  regions,  where  the  climate  has  greater  eictremes  of  heat 
and  cold,  a  greater  depth  is  necessary.  For  example,  in  Germany,  it 
appears  that  the  depths  of  ordinary  foundations  are  from  4  to  5 
feet,  and  in  North  America  from  4  to  6  feet 

Care  should  be  taken  to  divert  surface-water,  whidi  may  tend  to 
run  into  the  foundation,  by  means  of  catchwater  drains,  just  as  in 
other  cuttings  (Article  189,  p.  334^;  and,  if  necessary,  drains  ought 
also  to  be  made  at  the  bottom  of  the  foundation. 

The  greatest  intensity  of  pressure  on  foundations  in  finn  earth  is 
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usually  from  2^00  to  3,500  lb&  per  square  foot,  or  from  17  to 
33  lbs.  per  square  inch. 

In  fixing  the  "spread^  or  additional  breadth  given  to  the  ''  foot- 
ings "  or  foundation  courses  of  the  masoniy  or  brickwork  of  ordinary 
wiiJls,  the  usual  rule  is  to  make  the  breadth  of  the  base  once-and- 
a-half  the  thickness  of  the  body  of  the  wall  in  compact  gravel,  and 
twice  that  thickness  in  sand  and  stiff  day. 

239.  In  FMiBdatiau  mm.  8«ft  Kwth  care  must  be  taken  that  the 
depth  of  the  foundation  is  not  less,  as  compared  with  the  pressure  of 
the  buildings,  and  the  deviation  of  the  centre  of  resistance  not 
greater,  as  compared  with  the  breadth  of  base,  than  the  limits  given 
by  the  formula  of  Article  237.  Those  objects  are  promoted  by 
making  the  breadth  of  the  base  of  the  masonry  as  great  as  is 
practicable,  so  as  at  once  to  distribute  its  weight  over  a  large 
surface^  and  to  increase  the  breadth  as  compared  with  the  deviation 
of  the  centre  of  resistance  from  the  centre  of  gravity  of  the  base. 

K  practicable,  the  ground  should  be  well  drained  before  the 
digging  of  the  foundation  is  commenced,  in  order  to  increase  its 
firmness  as  fiur  as  possible. 

Precisely  as  in  the  case  of  an  embankment  on  soft  ground 
(Article  204,  p.  343),  a  trench  may  be  dug  and  filled  with  a  stable 
material,  such  as  sand  or  concrete,  in  order  to  distribute  the  pres- 
sure, and  convey  it  to  a  sufficiently  low  stratum  of  the  softer 
material     To  find  the  proper  depth  for  the  trench — 

Let  p^  be  the  greatest  intensity  of  pressure  of  the  intended 
building  on  its  base,  in  lbs.  per  square  foot  In  calculating  this 
quantity,  if  the  trench  is  to  be  filled  with  sand,  the  area  over  which 
the  weight  of  the  building  is  distributed  should  be  taken  as  simply 
equal  to  the  area  of  the  lowest  course  of  foundation  stones.  But  i£ 
the  trench  is  to  be  filled  with  beton,  the  weight  may  be  considered 
(as  in  an  example  given  in  p.  378)  to  be  distributed  over  the  whole 
area  of  the  layer  of  beton,  provided  the  edges  of  that  layer  do  not 
project  beyond  the  edges  of  the  foundation  stones  to  a  distance 
greater  than  the  depth  of  the  layer  of  beton. 

Let  w  be  the  weight  in  lbs.  of  a  cubic  foot  of  the  material  with 
which  the  trench  is  to  be  filled;  being  about  90  lbs.  for  sand  and 
130  for  strong  ooncfete  or  beton — 

v/j  the  weight  of  a  cubic  foot  of  the  soft  earth; 

(If J  its  angle  of  repose; 

also  let  JT'I^^  =  K]  (for  values  of  A?' and  of  *?,  see  p.  380); 
and  the  required  depth  of  the  trench  =  a/;  then 

'  =■     ^,f-V..i'      '^  7!=z-j^ P2    0') 
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The  material  for  filling  the  trencli  shoold  be  laid  and  rammed  in 
layers  of  about  a  foot  deep.  J£  concrete  is  used,  the  effect  of 
ramming  may  be  produced  by  throwing  it  down  from  a  scaffolding 
at  least  ten  feet  l^gh. 

If  the  trench  is  filled  with  sand,  the  building  may  be  founded  on 
the  layer  of  sand  as  on  a  natural  sand  foundation. 

If  the  trench  is  filled  with  concrete,  the  building  is  to  be  built 
on  the  upper  surface  of  that  layer  as  soon  tLaitiaset,  care  being 
taken  that  the  intensity  of  the  pressure  on  the  concrete  does  not 
anywhere  exceed  one-eighth  part  of  its  resistance  to  crushing;  that 
is  to  say,  about 

— ^Q—  s=  6,660  Ibfl.  on  the  square  foot,  or 
o 

-^  =  46  lbs.  on  the  square  inch. 

In  buildings  which  contain  a  number  of  openings,  such  as  arches^ 
windows,  doorways,  <Sec.,  the  distribution  of  the  load  on  the 
foipdation  over  an  increased  area  may  be  effected  by  means  of 
inverted  arches  under  the  openings,  provided  those  arches  are  very 
accurately  built 

The  more  difficult  class  of  foundations  in  soft  groimd,  which 
require  the  use  of  timber  or  iron  to  make  them  safe,  will  be  treated 
of  in  a  later  chapter. 

When,  by  trial-pits  and  borings,  it  is  shown  that  a  sofi  Oraima 
underlies  a  firm  one,  equation  1  should  be  applied  in  order  to 
determine  whether  the  depth  (af)  of  the  firm  stratum  is  sufficient 
to  make  the  foundation  safe.  When  the  firm  stratum  consists  of 
sound  rock,  the  intensity  ;x.  of  the  pressure  on  the  soft  stratum  due 
to  the  weight  of  the  builcUng  may  be  computed  according  to  the 
same  rule  as  for  a  layer  of  concrete.  The  results  of  this  method 
will  err  on  the  safe  side. 

Section  V. — Gonstrudion  of  Stone-Mcuonry. 

240.  Oencffttl  PrinoiplM.— The  following  principles  are  to  be 
observed  in  the  building  of  all  classes  of  stone-masonry. 

I.  To  build  the  masonry,  as  fiur  as  possible,  in  a  series  of  courses, 
perpendicular,  or  as  nearly  perpendicular  as  possible,  to  the  direction 
of  the  pressure  which  they  have  to  bear;  and  to  avoid  all  long 
continuous  joints  parallel  to  that  pressure  by  "breaking  joint" 

II.  To  use  the  largest  stones  for  the  foundation  course. 

IIL  To  lay  all  stones  which  consist  of  layers  or  *'  beds  *'  in  such 
a  manner  that  the  principal  pressure  which  they  have  to  bear 
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shall  act  in  a  direction  perpendicular,  or  as  nearlj  per|)endicular  as 
poeaible,  to  the  direction  of  the  layers.  This  is  csJled  '^  laying  the 
Hone  an  its  ncUural  bed"  and  is  of  primary  importance  to  strength 
and  durability,  as  has  been  already  explained  in  various  Articlea 

lY.  To  moisten  the  surfftce  of  dry  and  porous  stones  before 
bedding  them,  in  order  that  the  mortar  may  not  be  dried  too  fast, 
and  reduced  to  powder  by  the  stone  absorbing  its  moisture. 
(Article  229,  p.  372.) 

V.  To  fill  every  part  of  eveiy  joint,  and  all  spaces  between  the 
stones,  with  mortar;  taking  care  at  the  same  time  that  such  spaces 
shall  be  as  small  as  possible. 

241.  Mmammrf  cimitii.^The  face  of  a  stone  is  its  outer  surface 
which  is  exposed  to  view.  Its  beds  are  the  surfaces  parallel  to  the 
layers.  Its  sides  are  the  surfaces  which  bound  it  in  a  direction 
transverse  both  to  tho  face  and  to  the  beda  The  term  bed  is  also 
applied  to  the  joints  between  or  parallel  to  the  courses,  through 
which  the  principal  pressures  act;  these  joints  are  also  called  bed- 
joinCe;  the  side-joints,  or  joints  tranjiverse  both  to  the  beds  and  the 
&ce,  are  often  called  siuiplj  joirUs. 

The  classilication  of  masonry  for  engineering  purposes  is  based 
almost  entirely  on  the  size  and  figure  of  the  stones,  and  on  the 
manner  in  which  the  joints,  whether  bed-joints  or  side-joints,  are 
formed  and  executed,  the  appearance  of  the  fisLce  being  a  matter  of 
secondary  importance. 

The  principal  tools  employed  in  the  dressing  of  stone  are,  the 
Bcabbling  hammer,  whose  head  is  pointed  at  one  end  like  a  pick, 
and  axe-formed  at  the  other,  and  various  chisels,  of  which  one  is 
pointed  at  the  end,  and  the  others  flat,  and  of  breadths  ranging 
from  one  to  three  inches,  or  thereabouts. 

The  scabbling  hammer  produces  a  rough  approximation  to  a 
plane  sur&oe;  the  point  gives  a  closer  approximation,  producing  a 
surface  covered  with  a  number  of  small  parallel  ridges  and  furrows ; 
the  *'  inch-tool "  and  other  flat-ended  chisels  cut*  away  the  ridges 
left  by  the  point,  producing  still  greater  smoothness.  Stone  thus 
dressed  is  said  to  be  "  drov^" 

There  are  an  indefinite  number  of  difierent  qualities  of  masonry, 
from  "  perpend  ashlar,"  in  which  every  stone  is  hewn  to  a  regular 
figure  and  exactiy  fitted  to  the  adjoining  stones,  to  common 
rubble,  in  which  the  stones  are  built  nearly  as  they  come  from  the 
quarry,  great  irregularities  of  figure  alone  being  reduced  by  means 
of  the  hammer. 

For  engineering  purposes,  masonry  may  be  classed  generally 
under  four  pidncip^  kinds,  viz.: — Addar  —  Block-in-course  — 
Coursed  Rubble — and  Common  Bubble — and  the  combinations 
of  those  four  kinds. 
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242.  AaUar  Mmimt,  or  hewn  stone,  oongists  of  blocks  cat  to 
regular  figures,  generally  rectangular,  and  built  in  couises  of  an 
anifonn  depth,  which  is  seldom  less  than  a  footw 

In  order  that  the  stones  may  not  be  liable  to  be  broken  acroeSy 
no  stone  of  a  soft  material,  such  as  the  weaker  kinds  of  sandstone 
and  granular  limestone,  should  have  a  length  greater  than  3  times 
its  depth;  in  harder  materials,  the  length  may  be  4  or  5  times  the 
deptL  The  breadth,  in  soft  materials,  may  range  from  1^  times  to 
double  the  depth;  in  hard  materials,  it  may  be  3  times  the  depth. 

The  bed-joints  and  side-joints  are  dressed  to  plane  surfaces 
(and  in  some  exceptional  cases  to  be  afterwards  specified,  to  curved 
Bur&oes).  In  the  case  of  plane  joints  this  is  done  by  making  an 
accurately  plane  chisel-draught  all  round  the  edges  of  the  sui&oe 
to  be  shaped,  and  if  the  stone  is  large,  some  additional  transverse 
chisel-draughts  in  the  same  plane,  and  dressing  the  remainder  of 
the  surface  by  the  point  down  to  the  plane  of  fiie  chisel-draughty 
which  serves  as  a  guida  The  accuracy  with  which  this  is  done  is 
of  special  importance  in  the  case  of  bed-joints ;  for  if  any  part  of  the 
surmce  projects  beyond  the  plane  of  the  chisel-draught,  that  pro- 
jecting part  will  have  to  bear  an  undue  share  of  the  pressare, 
which  will  be  concentrated  upon  it;  and  the  joint,  which  will  gape 
at  the  edges,  constituting  what  is  called  an  open  joint,  will  oe 
wanting  in  stability.  On  the  other  hand,  if  the  surface  of  the  bed 
is  concave,  having  been  dressed  down  below  the  plane  of  the  chisel- 
draughts,  the  pressure  is  concentrated  on  the  edges  of  the  stone,  to 
the  nsk  of  splintering  them  off.  Such  joints  are  said  to  be  fiutked. 
They  are  more  difficult  of  detection  after  the  masonry  has  been 
built  than  open  joints,  and  are  often  executed  by  design,  in  order  to 
give  a  neat  appearance  to  the  face  of  the  building;  and  therefore 
their  occurrence  must  be  guarded  against  by  careftil  inspection  of 
the  progress  of  the  stone-cutting. 

When  the  stone  has  been  dr^sed  so  that  all  the  small  ridges  on 
its  surface  are  in  one  plane  with  the  chisel-draughts,  the  pressure 
is  distributed  with  a  near  approach  to  uniformity;  for  the  mortar 
serves  to  transmit  it  to  the  furrows  between  the  ridges. 

Great  smoothness  is  not  desirable  in  the  joints  of  ashlar  masonry 
intended  for  strength  and  stability;  for  a  moderate  d^p'ee  of 
roughness  adds  at  once  to  the  resistance  to  displacement  by  sliding, 
and  to  the  adhesion  of  the  mortar. 

Each  stone  should  first  be  fitted  into  its  place  dry,  in  order  that 
any  inaccuracy  of  figure  may  be  discovered  and  corrected  by  the 
stone-cutter,  before  it  is  finally  laid  in  mortar,  and  settled  in  its 
bed.  No  side-joint  in  any  course  should  be  directly  above  a  side- 
joint  in  the  course  below;  but  the  stones  should  overlap  or  break 
joint  to  an  extent  of  from  once  to  once-and-a-half  the  depth  of  a 
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coarse.  This  is  called  the  bond  of  the  masoiuy :  its  effect  is  to  make 
each  stone  be  supported  by  at  least  two  stones  of  the  course 
below^  and  assist  in  supporting  at  least  two  stones  of  the  coui'se 
above;  and  its  objects  are  twofold :  first,  to  distribute  the  pressure; 
80  that  inequalities  of  load  on  the  upper  part  of  the  structure,  or  of 
resistance  at  the  foundation,  may  he  transmitted  to  and  spread 
oyer  an  increasing  area  of  bed  in  proceeding  downwards  or  upwards, 
as  the  case  maj  be;  and  secondly ,  to  tie  the  building  together,  or 
give  it  a  sort  of  tenacity,  both  lengthwise  and  from  face  to  back, 
by  means  of  the  friction  of  the  stones  where  they  overlap. 

A  stone  which  lies  with  its  greatest  length  parallel  to  the  face  of 
the  building  is  called  a  Oretdier,  A  stone  which  lies  with  its 
greatest  length  perpendicular  to  the  face  of  the  building  is  called  a 
header,  .  Stretchers  tie  the  building  together  lengthwise,  headers 
crosswise.  The  strongest  bond  in  ashlar  masonry  is  that  in  which 
each  course  at  the  fisiioe  of  the  building  contains  a  header  and  a 
stretcher  alternately,  the  outer  end  of  each  header  resting  on  the 
middle  of  a  stretcher  of  the  course  below;  so  that  rather  more  than 
cfne-third  of  the  area  of  the  &,ce  consists  of  ends  of  headers.  This 
proportion  may  be  deviated  from  when  circumstances  require  it ; 
but  in  every  case  it  is  advisable,  that  the  ends  of  headers  should 
not  form  less  than  OTt&fowrtk  of  the  whole  area  of  the  face  of  the 


QuoinSy  or  comer-stones,  which  should  be  of  large  size  and 
chosen  with  special  care,  are  at  once  headers  and  stretchers;  each 
quoin  being  a  header  relatively  to  one  of  the  two  &ces  of  the 
building  which  it  connects,  and  a  stretcher  relatively  to  the  other. 

The  thickness  of  morUvr  in  the  Joints  of  well-executed  ashlar 
masonry  should  be  about  an  eighth  oi  an  inch.  The  vdwme  of  mcyria/r 
required  in  all  is  about  one-eighth  part  of  the  volume  of  the  stone. 

Ashlar  masonry  is  used  in  engineering  chiefly  for  the  piers, 
abutments,  arches,  and  parapets  of  bridges,  for  hydraulic  works  to 
be  afterwards  specified,  for  fistcing,  quoins,  string  courses,  and 
coping  to  inferior  kinds  of  masonry,  and  to  brickwork,  and  in 
general,  for  works  in  which  great  strengtb  and  stability  are 
required. 

A  rougher  kind  of  ashlar  masonry  is  built  with  stones  of  the 
sizes  and  figures  already  mentioned,  but  scabbled  or  dressed  with 
the  hammer.  It  may  be  considered  as  intermediate  between  ashlar 
and  block-in-course. 

It  what  manner  soever  the  &ces  of  ashlar  stones  are  dressed,  or 
even  should  they  be  ^'quarry-faced/*  there  ought  to  be  a  chisel- 
draught  round  &e  edges  of  the  fisu»,  forming  sharp  and  straight 
edges  with  the  chisel-ikaught  of  the  beds  and  joints,  in  order  that 
the  stone  may  be  accurately  set. 

2c 
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243.  Blatik  !■  Cawit)  nmmmmrf  differs  from  hammexKlressed  aahlar 
chiefly  in  beixig  built  of  smaller  stoiie&  The  usnal  depth  of  the 
ooorses  is  from  7  to  9  inches.  The  same  roles  apply  to  breaking 
joints  and  to  the  proportions  which  the  lengths  and  breadths 
of  the  stones  should  bear  to  their  depths,  as  in  ashlar;  and  as  in 
ashlar  also,  ol  lecut  an^/aurth  of  the  h/oe  of  the  building  should 
consist  of  headers,  whose  length  should  be  &om  3  to  5  times  the 
depth  of  a  course. 

Block-in-course  masonry  is  used  for  spuidrils  and  wing-walls  of 
bridges,  the  facing  of  retaining  walls,  and  similar  purposes. 

244.  In  OMUMd  BaMile  Mmmmmrf  the  building  consists  of  a  series 
of  horizontal  courses,  seldom  exceeding  one  foot  in  depth,  each  of 
which  is  correctly  levelled  before  ano^er  is  built  upon  it;  but  the 
side-joints  are  not  necessarily  verticaL  One^fauaik  part  at  least  of 
the  &oe  in  each  course  should  consist  of  bond-stones  or  headers; 
each  header  to  be  of  the  entire  depth  of  the  course  of  a  breadth 
ranging  from  1^  times  to  double  that  depth,  and  of  a  length 
exten(£ng  into  the  building  to  from  3  to  5  times  that  depth, 
as  in  ashlar.  Those  headers  should  be  rou^^y  squared  with 
the  hammer,  and  their  beds  hammer-dressed  to  approximate 
planes;  and  care  should  be  taken  not  to  place  the  headers  of 
successive  courses  above  each  other;  for  that  arrangement  would 
cause  a  deficiency  of  bond  in  the  intermediate  parts  of  the  course. 
Between  the  headers,  each  course  is  to  be  built  of  smaller  stones,  of 
which  there  may  be  one,  two,  or  more,  in  the  depth  of  the  couraeL 
These  are  sometimes  roughly  squared,  so  as  to  have  vertical  side*- 
joints;  sometimes  the  stones  are  taken  as  they  come,  so  that  the 
side-joints  are  irregular;  but  no  side-joint  should  form  an  angle 
with  a  bed-joint  sharper  than  60^  Care  should  be  taken,  not  only 
that  each  stone  shall  rest  on  its  natural  bed,  but  that  the  sides 
parallel  to  that  natural  bed  shall  be  the  largest,  so  that  the  stone 
may  lie  flat,  and  not  be  set  on  edge  or  on  end.  Howsoever  small 
and  irregular  the  stones  may  be,  care  should  be  taken  to  make  the 
courses  break  joint.  Hollows  between  the  laiger  stones  should 
be  carefully  filled  with  smaller  stones,  completely  imbedded  in 
mortar. 

Coursed  rubble  masonry  requires  great  care  in  the  inspection  of 
its  progress,  to  see  that  the  preceding  rules  are  observed;  and 
especially,  that  the  intarior  of  the  wall  contains  neither  empty 
hollows,  nor  spaces  filled  wholly  with  mortar  or  with  rubbiflh 
where  pieces  of  stone  ought  to  be  inserted,  and  that  each  stone  is 
laid  flat,  and  on  its  natvural  bed.  Care  must  be  taken  that  the 
headers  or  bond-stones  are  really  what  they  profess  to  be,  and  not 
thin  stones  set  on  edge  at  the  face  of  the  waU. 

A  cubic  yard  of  rubble  masonry  requires,  in  order  to  allow 
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for  waste,  about  IJ-  cubic  yard  of  stones,  and  J  cubic  yard  of 
mortar. 

The  resistance  of  good  coui'sed  rubble  masonry  to  crushing  is 
about  four-tenths  of  that  of  single  blocks  of  the  stone  that  it  is 
built  with. 

Coursed  rubble  is  used  for  retaining  vails  and  wing-walls  that 
require  less  strength  than  those  built  of  block-in-course  or  ashlar, 
for  the  backing  of  pieces  of  masoniy  that  are  faced  with  ashlar  or 
block-in-course,  for  fence-walls,  and  for  various  other  purposes. 

Rubble  is  often  built  in  ''random  courses;"  that  is  to  say,  each 
course  rests  on  a  plane  bed,  but  is  not  necessarily  of  the  same 
depth  or  at  the  same  level  throughout,  so  that  the  beds  occasionally 
rise  or  fall  by  steps. 

245.  c«niaMB  BaMite  Mmmrnrf  differs  from  couTsed  rubble  in  not 
being  built  in  courses;  but  in  other  respects  the  same  rules  are  to 
be  observed     The  redstance  of  common  rubble  to  crushing  is  not 

'  much  greater  than  that  of  the  mortar  which  it  contains;  it  is 
dierefore  not  to  be  used  where  strength  is  required,  unless  buOt 
with  strong  hydraulic  mortar.  Its  chief  use  in  engineering  is  for 
fence  walls. 

246.  AaMmr  mmd  Bl«ck-ta-€«ane  backed  wMi  IftaMle. — ^In  this 
aort  of  masonry  the  stones  of  the  ashlar  or  block-in-course  &ce 
should  have  their  beds  and  joints  accurately  squared  and  dressed 
with  the  hammer,  or  the  poifit,  an  the  case  may  be  (see  Articles 
242,  243,  pp.  384  to  386),  for  a  breadth  of  from  once  to  twice  (or 
on  an  average,  once  and  a-half)  the  depth  of  the  course,  inwards 
from  the  fa/oe;  but  the  backs  of^  these  stones  may  be  rough.  The 
proportion  and  length  of  the  headers  should  be  the  same  fts  in 
ashlar,  and  the  *'  tails  **  of  those  headers,  or  parts  which  extend 
into  the  rubble  backing,  may  be  left  rough  at  the  back  and  sides; 
but  their  upper  and  lower  beds  should  be  hammer-dressed  to  the 
general  planes  of  the  beds  of  the  course.  These  tails  may  taper 
slightly  in  breadth,  but  should  not  taper  in  depth. 

The  rubble  backing,  built  as  described  in  Article  244,  p.  386, 
should  be  carried  up  at  the  same  time  with  tiie  &ce-work,  and  in 
courses  of  the  same  depth,  the  bed  of  each  course  being  carefully 
formed  to  the  same  plsme  with  that  of  the  ashlar  or  block-in-couise 
&cing. 

In  estimating  the  labour  or  cost  of  building  such  masoniy  as  is 
here  described,  the  area  of  the  fiwse,  multiimed  by  the  distance 
inwards  to  which  the  dressing  of  the  joints  is  carried,  may  be  taken 
as  ashlar  or  block-in-course,  as  the  case  may  be,  and  the  remainder 
as  rubbla 

These  combinations  of  masonry  are  the  most  generally  usefrd  in 
engineering  works;  and  they  are  especially  suitable  in  a  mechanical 
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point  of  view  where  the  pressure  is  concentrated  towards  the  face 
of  the  building,  as  in  retaining  walla 

For  the  abutments  of  bridges  they  are  not  mechanically  suitable, 
because  the  pressure  is  concentrated  towards  the  back;  but  if  in 
any  bridge  coursed  rubble  is  strong  enough  to  resist  the  pressure 
at  the  ^k  of  the  abutments,  it  may  be  used  for  that  purpose, 
and  faced  with  block-in-course,  or  ashlar,  for  the  sake  of  appearance, 
and  of  protection  from  the  weather. 

Counted  nibble  masonry  is  oflen  used  in  combination  with  ashlar 
quoins,  to  which  the  remarks  in  Article  242,  p.  38d,  are  applicabla 

247.  Biriag  Cmmm  «■«  €«p««. — A  string  course  is  a  course  of 
lai^  stones  slightly  projecting  beyond  the  &ce  of  a  building,  and 
dressed  and  built  like  ashlar  or  block-in-course,  as  the  case  may  be. 
Setting  aside  its  architectural  appearance,  its  mechanical  use  is  to 
support  some  load  and  distribute  it  upon  the  masoniy  below  it.  For 
example,  when  a  coursed  rubble  or  block-in-course  wing-wall  or 
spandril  of  a  bridge  has  to  support  an  ashlar  parapet,  a  string 
course  must  first  be  placed  on  the  wall,  to  give  a  steady  base 
for  the  parapet,  and  to  distribute  its  weight  over  the  smaller  stones 
below. 

The  Cope  of  a  wall  consists  of  large  and  heavy  stones,  slightly 
projecting  over  it  at  both  sides,  accurately  bedded  on  the  wall,  and 
jointed  to  each  other  with  hydraulic  mortar,  or  with  cement.  Its 
use  is  to  shelter  the  mortar  in  the  interior  of  the  wall  from  the 
weather,  and  to  protect,  by  its  weight,  the  smaller  stones  below  it 
ftom  being  knocKcd  off  or  picked  out  Cope-stones  should  be  so 
shaped  that  water  may  rapidly  run  off  from  them. 

Bough  rubble  coping  forms  an  exception  to  the  general  rule  that 
laminated  stones  should  be  laid  with  their  layers  parallel  to  the 
beds  of  the  course&  In  this  case  the  stones  are  very  often  set  on 
edge,  with  their  layers  vertical,  and  perpendicular  to  the  length  of 
the  wall,  so  that  the  edges  of  the  layers  alone  are  exposed  to  the 
air,  at  the  top,  as  well  as  at  the  sides  of  the  cope. 

Additional  stability  is  ffiven  to  a  cope  by  so  connecting  the  cope- 
stones  together  that  it  is  impossible  to  lift  one  of  them,  without,  at 
the  same  time,  lifting  the  ends  of  the  two  next  it  This  is  done 
either  by  means  of  iron  cramps  inserted  into  holes  in  the  stones, 
and  fixed  there  with  lead,  or  better  still,  by  means  of  dawds  of  some 
very  hard  and  strong  stone,  such  as  greenstone  or  granite.  These 
are^  small  prismatic  or  cylindrical  blocks,  each  of  which  fits  into  a 
pair  of  opposite  holes  in  the  contiguous  ends  of  a  pair  of  cope- 
stones,  where  it  is  fixed  with  cement  or  hydiatdic  mortar. 

Cast  iron  and  wrought  iron  dowels  are  also  used,  but  they 
are  inferior  in  durability  to  those  of  hard  stone,  though  superior 
in  strength.     Copper  dowels  are  strong  and  durable,  but  expensive. 
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Cramps  or  dowels  may  be  used  in  string  courses,  or  in  any  part 
of  a  piece  of  masoniy. 

Fence-walls  are  sometimes  coped  with  sods,  or  with  clay-pnddle. 
(Article  206,  p.  344.) 

248.  p«iBtiHg  a  piece  of  masoniy  consists  in  scraping  the  mortar 
from  the  outer  edges  of  the  joints,  at  the  face  of  the  building,  as 
fiir  as  the  point  of  the  trowel  will  reach,  and  filling  the  groove  so 
made  with  mixed  cement,  or  with  hydraulic  mortar,  to  keep  out 
moisture.     As  to  mixed  cement,  see  Article  231,  p.  374. 

In  sear  walls  exposed  to  hard  blows  from  the  waves,  cement  put 
into  the  joints  by  ordinary  pointing  is  apt  to  jump  out  in  pieces; 
and  it  is  best  to  lanf  the  stones  in  cement  for  two  or  three  inches 
inwards  from  the  &ce  of  the  walL 

249.  itaT  ftimm»  Walls  should  be  built  according  to  the  principles 
already  laid  down  for  rubble  masonry  in  Articles  244,  245,  pp. 
386,  387,  with  the  single  exception  that  the  mortar  is  to  be 
omitted.  It  is  often  advisable  to  make  the  cope  of  a  dry  stone 
wall  waterproof,  in  order  that  water  may  not  lodge  in  the  joints  of 
the  wall  and  force  the  stones  from  their  places  by  its  expansion  in 
free2dng.  In  such  cases  the  cope  may  be  made  of  stones  set  on 
edge,  and  jointed  with  mortar;  or  of  bituminous  concrete  (Article 
234,  p.  376);  or  if  great  cheapness  be  desired,  <^  clay  puddle. 
(Article  206,  p.  344.) 

If  a  dry  stone  wall  is  intended  to  be  permanent,  rounded 
boulders  should  not  be  used  in  their  natural  condition  to  build  it, 
but  should  first  be  broken  into  flat  and  angular  pieces. 

Dry  stone  building  is  employed  for  fence- walls,  and  sometimes 
for  a  backing  to  retaining  walls,  in  order  at  once  to  diminish  the 
pressure  of  earth  against  them,  and  to  drain  away  water  by  letting 
it  escape  between  the  crevices  of  the  stones. 

It  is  also  used  in  retaining  walls  of  small  height,  and  in  fiudng 
earthen  slopes  exposed  to  the  action  of  water  (Article  196,  p. 
339;  and  Article  205,  p.  344);  and  in  the  latter  case  the  beds  of 
the  courses  are  laid  perpendicular  to  the  direction  of  the  steepest 
slope. 

250.  liabmir  of  Scmie-slMmuT' — ^The  following  information  as  to 
the  labour  required  to  execute  different  kinds  of  work  connected 
with  stone-masoniy  is  given  chiefly  on  the  authority  of  Gauthey : — 

Bubble  Stoke,  one  cubic  yard.         Day's  Work  of  a  Man. 

Loading  barrows  with  stone, o'o6 

Wheeling  one  relay  =  about  100  feet  on  a  level,     0*045 
(As  in  earthwork,  each  foot  of  ascent  is  equi- 
valent to  six  feet  of  additional  distance.) 
Unloading  barrows, 0-03 


Ashlar  (90ft  sandstone),  |  J°"  l'^ 
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As  to  mixing  mortar,  see  Artide  229,  p.  373;  and  as  to  the  pro- 
portaonB  of  mortar  and  stone,  see  Articles  242  to  245,  pp.  385  to 
387. 

Day's  Wokk  of  a  Kan  na  Gdbio  Tahd. 
Kinds  of  Bxtildiiio.  Bnnking  '  Stoot-     fi„iMh.fl>  I^^bonnn' 

StonT  Cutting.    B«™»fr     Wak. 

D17  stone, 0*64          —  i-oo  0*50 

Coursed  rubble, 0*64          —  0*90  0*90 

Block-in-course, 0*90         1*5  0*90  0-90 

Block-in-course  arching, 0*90        9*35  0*90  0*90 

2*50  I'OO  i-oo 

6*00  2*00  2^00 

Facing  ashlar,  per  square  foot  (soft  sandstone) — 

Broached  with  the  point,  0-05;  Droved,  007;  Polished,  O'lO. 

Labour  of  breaking  and  stone-cutting  for  harder  stones — 

Hard  sandstone  =  soft  sandstone  K  2; 

Hard  limestone,  marble,  granite  =  soft  sandstone  X  from  3  to  4. 

Curved  feoing  =  flat  X  (1 +jjgjJL.). 

Taking  down  old  masoniy,  0'6  day's  work  of  a  man  per  cubic 
yard. 

251.  neciMninM  f«r  ni«Ttac  kurse  smbm^ — ^Thero  are  various 
ways  of  laying  hold  of  stones  that  are  too  heavy  to  be  moved  by 
hand,  the  most  usual  being  the  following : — 

I.  By  nippers  or  tongs,  the  daws  of  which  enter  a  pair  of  holes 
in  the  sides  of  the  stone.  Those  holes  should  be  situated  in  a 
horizontal  line  passing  through  or  a  little  above  the  centre  of 
gravity  of  the  stone. 

IL  By  a  single  iron  plug,  very  slightly  tapered^  and  driven 
tightly  with  the  hanmier  into  a  vertical  cylindrical  hole  in  the  top 
of  the  stone,  directly  above  its  centre  of  gravity.  At  the  upper 
end  of  the  plug  is  an  eye,  to  which  the  chun  for  lifting  the  stone 
is  hooked.  After  the  stone  has  been  laid  in  its  place,  a  few  sharp 
taps  given  sideways  with  the  hammer  loosen  the  plu|(.  This 
method  answers  best  with  the  hardest  stones,  such  as  granita 

III.  By  a  pair  of  iron  plugs,  inserted  into  two  holes  in  the  top 
of  the  stone,  which  converge  towards  each  other  at  a  right  angle, 
being  inclined  in  opposite  directions  at  angles  of  45^  llie  eyes  at 
the  upper  ends  of  the  plugs  are  attached  to  a  pair  of  chains,  which, 
when  the  stone  hangs  by  them,  are  at  right  angles  to  their 
respective  plugs,  and  meet  each  other  at  a  lifht  angle,  where  they 
are  attached  to  the  lower  end  of  one  main  (£ain.    The  two  plug- 
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holes  should  be  in  a  vertical  plane  traversing  the  centre  of  gravity 
of  the  stone,  and  equally  distant  from  it  The  tension  on  each  of 
the  branch  chains  is 

=  weight  of  the  stone  X  •  707. 

lY.  By  the  LewiBy  a  truncated  iron  wedge  or  dovetail  with  the 
larger  end  downwards,  made  of  three  pieces,  which  can  be  pat  into 
or  taken  out  of  a  similarly  shaped  hole  in  the  top  of  the  stone  one 
by  one,  but  not  together.  The  lewis-hole  is  made  from  2  inches  to 
10  inches  deep,  according  to  the  weight  of  the  stona 

The  most  generaUy  useful  machine  for  lifting  and  shifting  large 
stones  in  ordinary  buildings  is  the  moveable  jib-crana  In  large 
buildings  a  travelling  crab  or  winch  is  used,  running  on  a  travelling 
platform ;  that  is  to  say,  a  framework  of  timber  and  iron  is  erected, 
consisting  of  two  parallel  lines  of  posts  with  sufficient  diagonal 
bradng,  supporting  a  pair  of  parallel  beams,  which  extend  along 
the  whole  length  of  the  intended  building,  and  include  its  greatest 
breadth  betweeu  them;  each  of  those  longitudinal  beams  carries  an 
iron  rail ;  upon  the  pair  of  longitudinal  rails  so  carried  run  the 
wheels  supporting  the  travelling  platform,  which  spans  over  the 
whole  breadth  of  the  building,  and  is  made  sufficiently  strong  and 
stiff  by  tubular  iron  beams  or  otherwise;  it  carries  a  pair  of 
transverse  rails,  upon  which  runs  a  four-wheeled  truck,  carrying 
the  crab  or  winding  machine,  which  can  thus  be  moved  to  any 
part  of  the  building.  The  whole  apparatus  may  be  worked  by  a 
steam-engine. 

252.  laamaMMits  m«4  !■  BaiMteg. — In  Article  65,  p.  Ill,  and 
Article  ^^  |>.  113,  it  has  been  already  explained  how  l^e  situations 
and  lev^  of  those  leading  points  upon  which  the  situations  and 
leveb  of  all  other  points  in  a  piece  of  masonry  depend,  are  to  be 
set  out  by  the  engineer. 

The  principal  instruments  used  during  the  progress  of  the  build- 
ing are  the  cord,  for  setting  out  long  straight  lines,  such  as  the  edges 
of  the  bed-joints;  the  straight-edge,  for  shorter  straight  lines  and 
for  plane  sur£EU)es;  the  square  and  the  bevel,  for  right  and  oblique 
an^es;  the  plumb-rule,  for  vertical,  or  nearly  vertical  lines;  the 
level,  for  horizontal  lines  and  planes,  which  may  be  like  an 
inverted  X>  with  a  plummet  to  set  the  stem  verti(»d,  or  what  is 
better,  a  spirit-leveL 

When  the  fece  of  a  wall  is  to  be  vertical,  it  can  be  set  out,  and 
its  accuracy  tested,  by  a  plumb-rule,  being  a  flat,  straight-edged 
pece  of  board,  with  a  line  marked  on  it  parallel  to  one  of  its 
edgea^  which  line  is  set  truly  vertical  by  a  plummet 

When  the  &oe  of  the  wall  is  to  have  <'  a  stra/ight  hatUrr — that 
is,  to  be  inclined  at  an  uniform  angle  to  the  vertical,  the  rule  to  be 
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used  is  still  siraig^lredged,  but  the  edge  is  indined  to  the  plumb- 
line  at  the  proper  angle  of  batter.  The  batter  of  a  wall  is  nsoally 
described  by  stating  the  extent  of  deviation  from  the  vertical  in  a 
given  height;  for  example,  "  one  in  twelve,"  or  "  one  inch  in  a  foot.'* 

When  the  vertical  secdon  of  the  f&oe  of  a  wall  is  to  be  carved, 
it  is  said  to  have  a  "  curved  batter,"  and  it  must  be  set  out  by- 
means  of  a  ''  face-mould," — ^that  is  to  say,  a  narrow,  flat  boakly 
having  one  of  its  edges  of  the  intended  figure  of  the  face  of  the 
wall,  and  having  a  straight  line  marked  upon  it,  which  is  set  truly 
vertical  by  means  of  a  plummet  Great  care  should  be  bestowed  on 
preparing  the  feoe-moulds  of  important  pieces  of  masonry;  in  some 
cases,  wmch  will  be  exemplified  &rther  on,  eveiy  course  of  stones 
ought  to  be  marked  on  the  edge  of  the  mould. 

Laige  face-moulds  are  sometimes  made  of  several  pieces  of  tim- 
ber framed  together. 

When  the  beds  of  the  courses  are  to  be  plane  and  level,  they  can 
be  set  correctly  by  the  level  and  common  straight-edge.  When 
they  are  to  be  planes  having  a  given  slope,  a  rule  must  be  em- 
ployed having  two  straight  edges  inclined  to  each  other  at  such  an 
angle  that,  when  one  edge  is  set  horizontal  by  the  q>irit-level,  the 
other  has  the  proper  inclination.  If  the  beds  of  the  courses  are  to 
be  perpendicular  to  a  straight  or  curved  battering  face,  their  posi- 
tion can  be  set  out  and  tested  by  the  square. 

Curved  beds,  such  as  are  employed  for  some  special  purposes^ 
require  the  use  of  suitably  curved  "  bed-moulds.*^ 

In  all  cases  in  which  economy  of  time  and  money  has  to  be 
studied,  the  engineer  should,  as  far  as  practicable,  avoid  curved 
figures  in  masonry;  for  not  only  are  they  more  tedious  and  expen- 
sive to  set  out  and  to  build  than  straight  and  plane  figures,  but  it 
is  more  difficult  .to  test  the^accunu^  with  which  they  have  been 
executed.  A  single  glance  will  detect  the  smallest  appreciable 
inaccuracy  in  a  wall  with  a  straight  batter,  while  the  saifle  process 
in  the  case  of  a  wall  with  a  curved  batter  would  require  either  a 
long  series  of  measurements,  or  the  application  of  a  cumbrous  face- 
mould  to  various  parts  of  the  wall;  and  this  becomes  a  matter  of 
serious  importance  in  large  structures,  where  errors  in  form  may 
afiect  the  strength  and  stability. 

253.  ]iEeMaimU«B  •f  Mmmmmrr. — For  engineering  purposes,  quan- 
tities of  the  rougher  kinds  of  masonry  are  stated  in  cubic  yards^ 
and  of  the  finer,  in  cubic  feet 

But  there  are  also  special  units  of  measure  for  masonry,  such  as 
the  following : — 

A  rood  of  masonry  means,  when  applied  to  surface,  ZS  square 
feet,  and  when  applied  to  voliune,  36  square  feet  of  a  wall  of  a 
i^>ecified  thickness^  such  as  2  feet.     In  estimating  a  building 
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aooording  to  this  systeiu,  the  superficial  measure  of  the  fi^ce  is 
taken  in  roods  of  36  square  feet,  in  order  to  estimate  the  cost  of  the 
face- work;  and  then  the  area  in  superficial  roods  of  the  &ce  of 
each  portion  of  the  building  is  multiplied  by  the  ratio  which  its 
thickness  bears  to  2  feet,  so  as  to  compute  the  cubic  contents  in 
solid  roods  of  36  square  feet  in  area  and  2  feet  thick,  in  order 
to  estimate  the  cost  of  the  masonry  exclusive  of  the  fkce.  This 
method  is  better  suited  to  architectural  than  to  engineering  purposes. 

Section  VI. — ConstrticHan  of  Brickwork 

254.  C(0Mflfftti  PrtacipiML — The  following  principles  are  to  be  ob- 
^eerved  in  building  with  bricks : — 

I.  To  reject  afi  misshapen  and  unsound  bricks.  (See  Article 
220,  pi  366.) 

II.  To  place  the  beds  of  the  courses  perpendicular,  or  as  nearly 
perpendicular  as  possible,  to  the  direction  of  the  pressure  which 
they  have  to  bear;  and  to  make  the  bricks  in  each  course  break 
joint  with  those  of  the  courses  above  and  below  by  over-lapping  to 
the  extent  of  from  one  quarter  to  one  half  of  the  length  of  a  brick. 

III.  To  cleanse  the  surface  of  each  brick,  and  to  wet  it  thoroughly 
before  laying  it,  in  order  that  it  may  not  absorb  the  moisture  of 
the  mortar  too  rapidly. 

lY.  To  fill  every  joint  thoroughly  with  mortar,  taking  care  at 
the  same  time  that  the  thickness  of  mortar  shall  not  exceed  about 
a  quarter  of  an  inch. 

In  order  to  prevent  the  use  of  too  great  a  thickness  of  mortar, 
it  is  usual  in  specifications  to  prescribe  a  certain  depth  which  a 
oertaia  number  of  courses  of  brickwork  shall  not  exceed.  For 
example,  if  the  bricks  are  2|  inches  deep,  it  may  be  specified  that 
four  courses  of  bricks,  when  built,  shall  not  measure  more  than  one 
foot  in  depth;  a  condition  which  implies  that  the  average  thickness 
of  mortar  in  the  joints  shall  be  \  inch. 

V.  To  use  no  "  bats,'*  or  pieces  of  bricks,  except  when  absolutely 
necessaiy,  in  order  to  make  a  "  closure," — ^that  is,  to  finish  the  end 
or  comer  of  a  wall,  or  the  side  of  an  opening;  and  even  then,  to  use 
no  piece  less  than  half  a  brick. 

In  stating  the  length  and  breadth  of  masses  of  brickwork,  it  is 
usual  to  employ  the  length  of  a  brick  as  an  unit  of  measure.     For 
example,  if  bricks  are  used  which  build  to  9  inches  in  length, 
^  brick  nleans  4^  inches. 

1  „  9f      ^  inches. 

1^    „        .  „       1  foot  1^  inch. 

2  „         >9       1  ^oot  6  inches. 
And  so  on. 
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The  vdiMfM  ofmofimr  required  for  good  brickwoi^  ib  about  iyiyb- 
jytk  of  the  Yolome  of  the  bricka 

K6.  B— <  !■  BrickwMib— The  bridcB  used  in  a  given  building 
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Fig.  lee.  Fig.  167. 

being  of  uniform  or  nearly  unifonn  size  and  figure,  are  to  be  built 
according  to  an  uniform  system,  which  is  called  the  bond  of  the 
brickwoi^. , 

As  in  ashlar  masoniy,  so  in  brickwork,  a  header  is  a  brick  whose 
length  lies  pei*pendicular  to  the  face  of  the  wall;  a  «^rflfcA«r,  one 
whose  length  lies  parallel  to  the  &ce  of  the  walL  As  the  length 
of  a  brick  is  almost  exactly  double  of  its  breadth,  one  stretcher 
occupies  the  same  area  on  the  face  of  the  wall  with  two  headers. 

I.  English  Bond^  which  is  considered  the  strongest  and  most 
stable  arrangement,  consists  in  lapng  entire  courses  of  headers  and 
of  stretchers  periodically,  as  in  fig.  166.  Sometimes  the  courses  of 
headers  and  stretchers  occur  alternately ;  sometimes  there  is  only  one 
course  of  headers  for  every  two,  three,  or  four  courses  of  stretcheia 
The  stretchers  tie  the  wall  together  lengthwise,  the  headers  cross- 
wise. The  proportionate  numbers  of  the  courses  of  headers  and 
stretchers  should  depend  on  the  relative  importance  of  transverse 
and  longitudinal  tenacity.  {A,  M,,  202.)  The  proportion  shown 
in  ^,  166,  of  one  course  of  headers  to  two  of  stretchers,  is  that 
which  gives  equal  tenacity  to  the  wall  lengthwise  and  crosswise, 
and  which  therefore  may  be  considered  the  best  in  ordinary  cases. 

In  a  factory  chinmey,  the  longitudinal  tenacity,  which  resists 
any  force  tending  to  spUt  the  chimney,  is  of  more  impoi-tance  than 
the  transverse  tenacity;  therefore,  in  these  buildings,  it  is  advisable 
to  have  a  greater  proportion  of  stretchers,  such  as  three  or  four 
courses  of  stretchers  to  one  course  of  headers. 

In  building  brickwork  in  English  Bond,  it  is  to  be  borne  in 
mind  that  there  are  twice  as  many  vertical  or  side-joints  in  a 
course  of  headers  as  there  are  in  a  course  of  stretchers;  and,  there- 
fore, that  unless  ereat  care  is  taken  in  laying  the  headera  to  make 
these  joints  very  ^in,  two  headers  will  occupy  a  little  more  length 
than  one  stretcher,  and  the  correct  breaking  of  the  joints,  to  the 
extent  of  exactly  a  quarter  of  a  brick,  will  be  lost  This  is  often 
the  case  in  carelessly  built  brickwork,  in  which  at  intervab  vertical 
joints  are  seen  nearly  or  exactly  above  each  other  in  successive 
courses. 
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n.  In  FUmiA  Band  (fig.  167)  a  header  and  a  stretcher  are  laid 
alternately  in  each  courBe,  and  so  placed  that  the  outer  end  of 
each  header  lies  on  the  middle  of  a  stretcher  in  the  course  below. 
The  number  of  vertical  joints  in  each  course  is  the  same,  so  that 
there  is  no  risk  of  the  correct  breaking  of  the  joints  by  a  quarter  of 
a  brick  being  lost;  and  the  wall  presents  a  neater  appearance  than 
one  built  in  English  Bond.  English  Bond,  however,  when  cor^ 
rectlj  built,  is  OQnsidered  to,  be  stronger  and  more  stable  than 
Flemish  Bond* 

256.  Mmmp  !■«■  ■•■<■  Pieces  of  hoop  iron  are  sometimes  laid 
^t  in  the  bed-joints  of  brickwork,  to  increase  its  longitudinal 
tenacity.  They  should  break  joint  with  each  other;  and  the  ends 
of  each  piece  of  hoop  iron  should  be  bent  down  at  right  angles  for 
the  length  of  two  inches  or  thereabouts,  and  inserted  into  vertical 
joints  of  the  course  of  bricks  on  which  the  hoop  iron  lies. 

The  total  sectional  area  of  the  hoop  iron  needs  not  exceed  about 
l-300th  of  that  of  the  brickwork. 

257.  F«iMtiHg  jatettr-^See  Article  248,  p.  388.) 

25%.  The  v«BM4Bti«M  CMvm  of  a  piece  of  brickwork  usually 
spread  downwards  by  steps  of  a  quarter  of  a  brick  at  the  face  and 
back,  until  a  sufficient  breadth  is  gained  to  support  the  weight 
of  the  building,  according  to  the  principles  already  explained  in 
Section  IV.  of  this  Chapter,  pp.  377  to  381. 

259.  siriHg  CmoM*  and  c«pM.  Brick  string  courses  ought  to 
GonsiBt  entirely  of  headers,  and  so  also  ought  copes  built  with 
ordinary  bricks.  Coping  for  brick  walls  is  sometimes  made  with 
large  bricks  moulded  expressly  for  that  purpose.  Stone  string 
courses  and  coping  are  frequently  used  along  with  brick  building, 
especially  where  strength  and  stability  are  required. 

260.  In  Brickwork  with  sioac  €|a«ias  special  care  must  be 
taken  that  the  layer  of  mortar  in  each  bed-joint  of  the  brickwork 
is  as  thin  as  possible;  for  as  the  bed-joints  of  the  brickwork  are 
three  or  four  times  as  numerous  as  those  of  the  stone  quoins,  any 
superfluous  thickness  of  the  former  will  cause  the  brickwork  to 
settle  more  than  the  stone  quoins,  the  effect  of  which  will  be  to  dieh 
figure,  crack,  and  perhaps  destroy  the  building. 

261.  lAbMir  •r  Brickw^vlb — ^The  following  data  are  given  on  the 
authority  of  Gauthey : — 

Day's  Wobk  of  a  Max  pes  Citbio  Tard. 
Bri«U.y«.         L.boo»r.  ^^ 

Ordinary  Bricklaying, q*6  o'6  0*2 

Brick  Arching, cp  0*9  various. 

In  the  case  of  arching,  the  labour  of  erecting  scaffolding  includes 
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that  of  patting  up  '^  centres,"  or  timber  fmmes  for  the  arches  to 
rest  on  while  in  progress.  These  structures  will  be  considered 
further  on. 

262.  n»Mmittoa  •r  BrickwOTk. — ^For  engineering  purposes  in 
Britain,  quantities  of  brickwork  are  usuallj  computed  and  stated 
in  cubic  yards;  but  there  are  also  special  modes  of  stating  them, 
such  as  the  following : — 

Each  piece  of  brickwork  has  its  thickness  stated  in  bricks  and 
half-bricks;  the  area  of  its  face  is  calculated:  ftom  that  area  is 
computed  the  area  of  a  wall  of  the  standard  thickness  of  0910  bridk 
arid  a-half,  and  of  the  same  cubic  contents,  and  the  reduced  area  so 
obtained  is  stated  in  rods  of  30^  square  yards,  and  in  square  yards. 

A  rod  of  brickwork,  of  a  brick  and  a-half  thick,  if  each  brick  be 
9  inches  long,  is  equal  to  11^  cubic  yards  very  nearly. 

Section  VIL— Q/'^u^mm  and  Betaining  Walls. 

263.  The  StaMUtf  •rBI«clu  •fWimammvr  u4  BrickwMk  te  Ceac— I 

(A,M,y  211)  depends  on  the  conditions  already  stated  in  Article 
139,  p.  220 — viz.,  that  of  stahilUy  of  positiony  which  requires  that 
the  structure  shall  not  give  way  by  overturning;  and  that  of  star 
hilUy  offrictiony  which  requires  that  it  shall  not  give  way  by  the 
slidmg  of  one  course  upon  another;  and  those  two  conditions  ought 
to  be  fulfilled  al  the  bed-joint  o/eaeh  cowae. 

The  following  are  the  most  convenient  ways  of  expressing  these 
conditions  by  means  of  formuls  suitable  for  <»lculatidn : — 

I.  Stability  qfPosiUon  is  insured  when  the  moment  of  the  force 
tending  to  overturn  the  mass  above  a  given  bed-joint  does  not  ex- 
ceed the  moment  of  stability  of  the  mass  of  masonry  above  that 
bed-joint. 

To  express  the  moment  of  stability  at  a  given  hed-joimt  symboli- 
cally, it  is  necessary,  in  the  first  place,  to  determine  the  greatest 
distance  to  which  the  ^^cenJtre  of  presswre^^  or  " of  resistance^  at 
that  bed-joint  may  deviate  from  the  middle  of  the  bed,  without 
endangering  the  stability  of  the  structure. 

Let  q  denote  the  greatest  safe  ratio  of  the  deviation  to  the  thick- 
ness of  the  masoniy  at  the  given  bed-joint. 

In  flying  ImUresseSy  and  piers  and  abutments  of  arches  and  of 
frames,  it  is  in  general  advisable  to  limit  q  according  to  the  role 
•  already  given  for  rock  foundations.  Article  236,  p.  378 — viz.,  that 
there  shall  be  no  tension  at  amy  point  qfthe  bed,  the  pressure  being 
supposed  to  be  an  uniformly  varying  stress.  For  various  values  of 
9,  see  Article  179,  pp.  294,  295.  'Siq  value  of  most  common  occur- 
rence is  that  for  solid  rectangular  structures — ^viz.,  y  =  g* 
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In  r^iavning  waUa  for  snstaining  the  pressure  of  earth  or  of 
water,  the  following  are  average  values  of  q  deduced  from  the 
dimensions  of  actual  retaining  walls: — 

According  to  the  practice  of  British  engineers,  q  =  *375  nearly. 

According  to  the  practice  of  French  engineers,  q  =  from  '3  to  '25. 

The  following  is  a  method  of  determining  the  greatest  value  of  q 
for  a  rectangular  structure,  consistent  with  safety  from  crushing  of 
the  materiid,  based  on  the  supposition  that  the  intensity  of  the 
pressure  diminishes  at  an  uniform  rate  from  the  compressed  edge 
of  the  bed-joint  inwards,  that  the  mortar  exerts  no  appreciable 
tension,  and  that  consequently  the  distance  of  the  centre  of 
resistance  from  the  compressed  edge  is  one-third  of  the  thickness 
throughout  which  the  pressure  is  distributed : — 

Let  B  be  the  total  pressure  at  the  given  bed-joint; 

1?  t  the^thi  kness  I  ^^  ^®  ™*^  ^^  masonry  at  that  joint,  in  feet ; 
r  f  the  greatest  safe  pressure  in  lb&  on  the  square  foot  (being 
la/-  about  one-eighth  of  the  crushing  pressure);  then 

a^^.^;^  /=»2R-f|-3y)6<;  and  therefore, 

^f'i  '-5-37?! "•> 

The  value  of  q  having  been  fixed,  let 

r  t  denote  the  distance  from  the  middle  point  of  the  bed  to  the 
point  where  the  bed  is  cut  by  a  vertical  line  let  &11  from  the  centre 
of  gravity  of  the  mass  of  masonry  above  it; 

W,  the  weight  of  that  mass;  and 

J,  the  inclination  to  the  horizon  of  a  line  in  the  plane  of  the  bed, 
connecting  the  limiting  position  of  the  centre  of  resistance  with  the 
point  directly  below  the  centre  of  gravity  before  mentioned. 

Then  the  moment  of  stability  is, 

M  =  W  (q:±ir)t  coBJ; (2.) 

the  sign  \  ^  f  being  used  according  as  the  centre  of  resistance, 
and  the  vertical  line  through  the  centre  of  gravity,  lie  towards 

(opposite  sides  )  ^^^   ^^^   ^^j^^  diameter. 

( the  same  side  j 

The  following  modification  of  this  expression  is  convenient  in 
comparing  structures  of  similar  figures  and  different  dimensions :— 
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Let  h  denote  the  height  of  the  stracture  above  the  middle  of  the 
given  bed-joint,  b  the  breadth  of  that  bed  in  a  direction  perpendi- 
cukr  or  conjugate  to  the  thicknesB  t,  and  w  the  weight  oi  an  unit 
of  volume  of  l£e  material     Then 

W^n-whbt, (a) 

where  n  is  a  nunwrieal  factor  depending  on  the  Jigur$  of  the 
structure,  and  on  the  angles  which  the  Smensions,  h,h,k  make 
with  each  other;  that  is,  the  angles  of  obliquity  of  the  co-ordinates 
to  which  the  figure  of  the  structure  is  referred.  Introducing  this 
value  of  the  weight  of  the  structure  into  the  formula  2/ we  find  the 
following  value  for  the  moment  of  stability : — 

M.  =  n{qzt:r)  cos  j 'to 'hbfi (4.) 

This  quantity  is  divided  by  points  into  three  factors,  viz. : — 

(1.)  n  {q  z±z  r)  cos  j^  a  numerical  factory  depending  on  ihejigure 
of  the  structure,  the  obliquUiea  of  its  co-ordinates,  and  the  direotion 
in  which  the  applied  force  tends  to  overturn  it 

(2.^  to,  the  heaviness  of  the  material 

(3.)  A  5  ^,  a  geometrical  fiEu^r,  depending  on  the  dimensions  of 
the  stnicture. 

Now  the  first  Victor  is  the  same  in  all  structures  having  figures 
of  the  same  class,  with  co-ordinates  of  equal  obliquity,  and  exposed 
to  similarly  applied  external  forces;  that  is  to  say,  to  all  structures 
whose  figures,  together  with  the  lines  of  action  of  the  applied 
forces,  are  paralld  projections  qfeach  other,  toith  co-ordinates  of  equal 
obliquity.  (See  Articles  101,  140,  pp.  150,  220.)  Hence  for  any 
set  of  structures  which  fulfil  that  condition^  the  moments  A 
stability  are  proportional  to 

The  heaviness  of  the  material ; 

The  height; 

The  breadth; 

The  square  of  the  thickness;  that  is,  of  the  dimension  of  the 
base  which  is  parallel  to  the  vertical  plane  of  the  applied  force. 

The  following  is  the  general  expression  for  the  moment, 
relatively  to  the  limiting  position  of  the  centre  of  resistance,  of  an 
externally  applied  force,  tending  to  overturn  the  mass  of  masonry 
above  the  given  bed-joint 

Let  P  denote  the  magnitude  of  that  force; 

3  the  angle  which  its  direction  makes  with  the  horizon  in  a 
direction  contrcMry  to  that  of  the  slope  j  of  the  bed ; 

of,  the  vertical  height,  and  /  "^  }^  ^^If /^^^^^''''^ 
y':thehoriamtallbmoe|     Jteoeutreof  waisbuioeof  the 

then  the  perpendicular  distance  of  F  firom  the  oentre  of  resistance  is 
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a/  008  i —  j/axk  3;  and  the  required  moment  is  given  by  the  follow- 
ing formnik,  which  also  expresses  the  condition,  that  that  moment 
fihall  not  exceed  the  moment  of  stability  of  the  masonry : — 


P  (o^cos  i  —  y'  sin  #)  -^  M. 


.(5.) 


II.  Stability  of  Friction  is  insured  when  the  resultant  pressure 
makes  with  a  normal  or  line  perpendicular  to  the  bed,  an  angle  not 
exceeding  the  angle  of  repose  of  the  materials. 

Let  0  denote  that  angle.     (See  Article  110,  p.  172.) 

The  angle  made  by  the  resultant  pressure  with  the  vertical  is 


arc'tan* 


Pcos^      . 
W  +  P  sin  ^' 


and  the  condition  of  stability  of  friction  is  given  by  the  equation, 
arc-tan*  Wn-irrr—T — J ^^  0* (6.) 


P  cos  ^ 
r  +  Psin^~"^t^* 


This  condition  can  always  be  fulfilled  by  properly  adjusting  the 
declivity  of  the  bed-joint,  j. 

264.  8la¥lllly  m€  m  TerHflia-flMedl  Wmttnm  wtth  WHmmmtmi  Beds. 

(A,  M.y  213.) — Let  fig.  168  represent  a  vertical  section  of  a  buttress, 
with  a  vertical  £ax»  C  D,  against  which  a  strut,  rib,  or  piece  of 
framework  abuts  at  C,  exerting  a  given  force  P  in  a  given  direction 
C  A.  In  order  that  the  buttress  may  be  stable,  it  must  fdlfil  the 
conditions  of  stability  at  each  of  its  horizontal  bed-joint&  Let 
D  E  be  one  of  those  joints. 

Should  several  pressui'es  abut  against  the  buttress, 
the  force  P  acting  in  the  line  C  A  may  be  held  to 
represent  the  resultant  of  all  the  forces  which  are 
applied  above  the  particular  joint  D  E  under  con- 
sideration. 

Let  G  be  the  centre  of  gravity  of  that  part  of  the 
buttress  which  is  above  the  joint  D  E,  and  let  W 
denote  the  weight  of  the  same  part  Through  G 
draw  the  verti^  line  A  G  B,  cutting  the  direction 
of  the  lateral  thrust  in  A^  and  the  joint  D  E  in  B; 
make  A  W  =  W,  A  P  =  P;  complete  the  parallelo- 
gram APR  W;  then  A  R  will  represent  the  result- 
ant of  all  the  forces  which  act  on  the  part  of  the  buttress  above 
the  joint  D  £,  to  which  the  resultant  of  the  resistance  at  that 
joint  must  be  equal  and  directly  opposed.  A  R  being  produced, 
cuts  D  E  in  F,  the  centre  of  resistance  of  that  joint,  which  must 
not  fall  beyond  a  certain  prescribed  limit,  that  the  condition  of 
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stability  of  position  may  be  fulfilled.  In  order  that  the  conditiou 
of  stability  of  friction  may  be  fulfilled,  the  angle  A  F  B  must  liot 
be  less  than  the  complement  of  the  angle  of  repose. 

In  expressing  this  algebraically,  it  is  to  be  observed  that 

CD  =  a/;  DF  =  s^;i=0; 

and  consequently  that  equation  5  of  the  preceding  Article,  p  399, 
becomes, 

P(a/cos^-y'sm^)^n(9=fc:r)wA6  fi; (1.) 

and  equation  6, 

^««'  -tan^ (2.) 


ntohb  ^  +  Psin  $  '■ 


By  means  of  these  fundamental  equations  the  following  problems 
are  solved : — 

L  The  relation  between  the  weight  and  the  dimensions  of  the 
part  of  the  buttress  under  consideration  being  given  (in  other 
words,  the  factor  n  h&jag  given),  it  is  required  to  find  the  least 
thickness  t  at  the  joint  D  E  consistent  with  stability  of  position. 

In  equation  1,  make  y'  =  W  +  o)  ^>  *"^d  P^*  -  instead  of  .^; 
then 

»(gr  +  r)  tt7A6«*  =  P(a/cos^-fgr+  ^jtsin^.) 

To  simplify  the  form  of  this  quadratic  equation,  make, 

n{q  -{■  r)whb        '  2n{q-¥r)iohb        ' 
then  it  becomes 

«2  =  A^2B<, 
the  solution  of  which  is 

«=^(A  +  B2)-B (3.) 

II.  To  find  the  least  weight  of  material  above  the  point  C,  con- 
sistent with  stability  of  friction. 

The  greatest  obliquity  of  pressure  occurs  at  that  joint  which  is 
immediately  below  the  point  of  abutment  C.  Let  h^  denote  the 
height  of  material  above  that  joint,  &q  the  breadth,  and  t^  the 
required  thickness;  then, 

n«,Ao6o«o=P(S^-8in') (4.) 
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IIL  FaHicular  Case— Rectangular  Buttress,  {A.  M.,  214.)— 
In  a  rectangular  buttress^  the  breadth  &  and  thickness  t  are  con- 
stant; and  if  Aq  be  taken  to  denote  the  height  of  the  top  of  the 
buttress  above  iJie  point  C^ 

A^Ao  +  a; 

will  be  its  height  above  a  given  joint.  Also,  because  the  centre  of 
gravity  of  the  portion  above  any  bed-joint  is  vertically  above  the 
centre  of  the  joint^  ^  =  0 ;  and  because 

^  W  =  whht, 

n=l. 

These  values  being  substituted  in  equation  3^  give  the  follow- 
ing results^  in  which  x  denotes  the  depth  of  the  base  of  the  wall 
below  C. 

qw{hQ  +  x)b'         2qw{hf^-¥x)b  ^^  '  ' 

As  the  depth  x  increases  without  limit,  the  thickness  required 
far  the  wall  approaches  the  following  limit : — 


=V('^') « 


which  depends  on  the  horizontal  component  of  the  applied  force 
alone. 

Supposing  this  value  to  be  adopted  for  the  thickness  of  the  but- 
tress, in  order  that  it  may  be  stable,  how  deep  soever  the  base  may 
be  below  the  point  0,  then  to  insure  stability  of  fidction,  the 
hei^t  of  the  top  above  0  must  have  the  following  value : — 

^,  =  gr^g^<g^>  =  ^f^^.  A/(-i^) (7) 

**      *       sm  ^  cos  9  sm  ^         \/    yo  6  cos  9)  ^   ' 

Instead  of  the  rectangular  mass  \ht,  there  may  be  substituted 
a  pinnacle  of  the  same  weight,  and  of  any  figure. 

265.  SteMlltf  •rilfllalMtag  «r  BeveteMent  Wmlli  km  doiend.  {A,M., 
217.) — Figs.  169  and  170  represent  vertical  sections  of  retaining 
walls  against  which  banks  of  earth  abut  In  each  figure  a  vertical 
layer  of  the  masonry  and  of  the  earth  is  supposed  to  be  considered, 
whose  length  is  unity.  D  E  is  the  base  of  the  layer  of  masonry,  F 
the  cei^tre  of  resistance  of  that  base,  B  a  point  vertically  below  G,  the 
centre  of  gravity  of  the  weight  which  rests  on  that  base,  A W  a 
line  representing  that  weight,  A  P  a  line  representing  the  thrust 
of  the  earth ;  A  R,  the  diagonal  of  the  parallelogram  A  P  R  W^  is  a 

2d 
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line  repreeenting  the  resultant  pressure  at  the  base  DE,  and  cutting 
that  base  in  the  centre  of  resistance  F. 


ilg.  169. 


Big.  170. 


In  each  figure,  D  O  is  a  vertical  plane  traversing  the  inner  edge 
D  of  the  base  of  the  wall,  and  cutting  the  plane  of  the  sur&.ce  of 
the  bank  in  O.  In  fig.  169,  the  whole  of  the  wall  lies  in  front  of 
that  vertical  plane;  so  that  the  weight,  represented  by  AW  (or  by 
W  simply),  which  rests  on  the  base  D  E,  consists  of  the  weight  of 
the  masonry  together  with  the  weight  of  the  mass  <^  earthy  %/*  amy 
(represented  by  O  L  M),  which  is  vertioaUy  above  that  haae;  and  Q  is 
the  common  centre  of  gravity  of  the  compound  mass  of  masonry 
and  earth,  which  is  situated  in  front  of  the  plane  O  D. 

In  fig.  170,  on  the  other  hand,  a  part  of  the  masonry,  represented 
by  D  L  0,  lies  behind  the  plane  O  D.  If  the  prism  D  L  O  consisted 
of  earth,  its  weight  would  be  supported  by  the  earth  beneath  it ; 
therefore  the  eardi  beneath  that  prism  exerts  a  pressure  vertically 
upwards  sufficient  to  sustain  the^^eight  of  a  prism  of  earth  of  a 
volume  equal  to  that  of  the  prism  of  masonry;  therefore  the  weight 
represented  by  AW  (or  by  W  simply),  which  rests  on  the  base  D  E, 
consists  of  the  weight  of  the  masonry  in  the  vertical  layer  of  the 
wall.  Use  the  weight  of  earth  which  would  fill  D  L  O;  and  G  is  the 
common  centre  of  gravity  of  the  masonry  EDO  which  lies  before 
the  plane  0  B,  and  of  the  prism  D  L  O,  considered  as  having  a 
heaviness  equal  to  the  excess  of  the  heamriesa  of  masonry  above  that 
of  earth. 

It  has  already  been  shown  in  Article  183,  Division  lY.,  p.  323, 
that  the  pressure  of  the  earth  against  the  vertical  plane  O  D  (which 
pressure  is  parallel  to  the  surface  of  the  bank,  and  represented  by 
A  P,  or  by  P  simply),  is  equal  to  the  weight  of  the  prism  of  earth 
O  D  K,  in  which  D  K,  parallel  to  the  surface  of  the  bank,  is  equal 
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to  the  Tertical  depth  O  D  multiplied  hy  the  ratio  of  the  conjugate 
pressuTes  at  a  pointy 

y  _  COB  ^  -  J  (C08'  i  -  OOB^^) 

p  ~  COS  ^  +  ^  (co^  4  —  008*  0y 

which  latio  depends  on  the  slope  4  of  the  bank,  and  angle  of 
repose  9 ;  and  that  the  resultant  of  that  pressure  traverses  C,  at  the 
height 

above  D.  For  the  sake  of  brevity  {u/  being  the  weight  of  unity  of 
volume  of  the  earth),  let 

ti/cos^^  =ffftl 
then  equation  18  of  Article  183,  p.  324,  becomes 

p=^ (1.) 

This  force  has  to  be  multiplied,  as  in  Article  263,  by  the  perpen- 
dicular distance  of  F  from  C  P,  to  give  the  pioment  of  the  couple 
which  tends  to  overturn  the  walL  Let  t  be  the  thickness  D  E, 
and  J*  the  angle  of  inclination  of  D  E  to  the  horizon;  then  the  arm 
of  the  couple  in  question  is 


a:  cos 


--\^'^^^'^i^^j)'> 


3 

which  being  multiplied  by  the  force  P,  and  equated  to  the  moment 
of  stability  of  the  weight  which  rests  on  the  base  D  E,  gives  the 
following  condition  of  stability  of  position : — 

XTT/    _^_y\^  •      W,  aj'cOS^      WtSfit  /         1\      .      ,^        x    /o\ 

W{qztz^t'0OBj '—^ i_^y  +  ^jsm(^+;)..(2.) 

Now  suppose  (as  in  Article  263,  p.  398)  that  W  bears  a  definite 
ratio  n  to  the  weight  to  xt '  cos  j  of  a  rectangle  of  masonry  whose 
height  is  OB  =  x,  and  its  breadth  the  horizontal  distance  of  E 
from  01>,t  cos  J*;  then  the  first  side  of  equation  2,  being  the 
moment  of  stability,  becomes  as  follows : — 

n  {q  dtz  q')wxfi  cos*/. 
Divide  both  sides  of  the  equation  by 

n{qztz^)wgfi  cos*^, 
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and  for  IweTity's  sake^  let 


fOl  '  COB  4 


6n{qztz^)w  cob*  j* ' 

^n{qztzqf)wooi^j  "   * 
then 


and  ooDsequently 

t 


5=-2  6l. (3.) 


X 


=  Va  +  62-6 (4.) 


The  inclinatioii  of  the  resultant  A  R  to  the  yertical  is  given  by  the 
equation 

*»--^^^«='rTra* <^-) 

When  the  base  D  E  is  horixontal,  this  should  not  exceed  the  tangent 
of  the  angle  of  repose.  When  that  base  is  inclined  at  the  an^  j, 
the  condition  of  fiictional  stability  is  thus  expressed  :^- 

^  W  A  R  -i-^^i ...(6.) 

^  being  the  angle  of  repose  of  the  foundation  of  tiie  walL 

The  object  of  giving  the  base  of  the  wall  an  inclined  position  is 

to  diminish  the  obliquity  of  the  pressure  on  it,  and  so  to  enable  the 

condition  of  fiictional  stability  to  be  fulfilled. 
As  to  the  values  of  g  in  practice,  see  Article  263,  pp.  396,  397. 

266.   SlabUitr  mf  irprlsht  WtwstmmgmUue  BetuJateg  Wmlk.     {A.  If,, 

218.) — ^In  a  vertical  rectangular  wall,  «  =  1,  5^= 0,  j  =  0;  so  that,  in 
equations  3  and  4  of  Article  265, 


a^'^S— ^;6  =  t«^i  (g'  +  2)8in^^42'w (1.) 


W^  008  { 

6  q  w 


Case  I.  When  the  surface  of  the  bank  is  horizontal,  so  that  ^  =^  0, 
then 

,l-8inf  -     ^ 

Wt^w  T -. — -;  0  =  0: 

^  1  +  sm  f  ^         * 

and  the  proportion  of  the  thickness  of  the  wall  to  its  height  is 
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*-   /g-  a/I   «^0-«^»)   ] 

Equation  5  of  Article  4^  becomes 
:WAR: 


I  q  to 


.(2.) 


tan. 


P 


'  2v)t 


.(3.) 


_       /   f3yti/(l-ain»)) 
V    I   2u7(l  +  8in^)  /!^^^^ 

K  the  material  on  which  the  wall  rests  is  the  same  with  that 
of  the  bank,  we  may  assume  f^  =  f ;  in  which  case,  by  squaring 
equation  3,  and  attending  to  the  fact  that 

.     «  sin**         /  sin  f  \'  l-sin* 

l-sm^f      Vl— smf/     1  +  smr 

we  obtain  the  equation 

Assuming  that  the  specific  gravity  of  the  earth  is  fou]>fifths  of 
that  of  the  masonry,  or  to  -r  ti/  =  5  -r  4,  we  find  that  this  equation  is 
fulfilled  for  the  ordinary  -value  o£q,  3-7-8,00  long  as  f  exceeds  27^. 
Should  equation  4  not  be  fdlfilled  for  g  =  3  -r  8,  a  smaller  value  of 
q  must  be  determined  by  the  following  equation : — 

3  10   /  sin  f  \2 

^=3i^Ku:^f)' <^-^ 

and  introduced  into  equation  2  to  find  the  ratio  t-i-x. 

Case  II.  When  the  sur&ce  of  the  bank  slopes  at  the  angle  of 
repose  f  ,  then  tOj  =  «/  cos  f  ,  and 


«/  cos*  •    - 
6  qw  ^ 


(,.')- 


cos  f  sm  f 


4  9  10 


.(6> 


which  values,  being  introduced  into  equation  4  of  Article  265, 
p.  404,  give  the  ratio  t-r-os, 

267.    SlabllltT     •€    BatCcriMf-iluicdi     BetalBtag    Walla.      {A.    M., 

219.) — In  fig.  171,  let  E  Q  represent  the  vertical  hce  of  a  rect- 
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angalar  wall,  suited  to  sustain  the  thrust  of  a  giyen  bank,  and  let 
F  be  the  centre  of  resistance  ci  the  base.    Make 

Q^  =  3  E~F  =  ^  (2""  V  ^'  *^^  ^®  ^^^  ^^ 

rmty  g  of  the  triangular  prism  of  masoniy 
Q  N  will  be  verticdlj  above  the  centre  of 
resistance  F;  therefore  if  that  prism  be  removed, 
so  as  to  reduce  the  cross-section  of  the  wall  to  a 
trapezoid  with  a  battering  face  E  N,  the  position  of 
the  centre  of  resistance  F  will  not  be  altered,  and 
the  wall  will  still  fulfil  the  condition  of  stability  of 
position,  the  thickness  t  being  determined  as  for 
a  rectangular  walL  The  thiclmess  of  the  wall  at 
the  summit  is 


Fig.  171, 


(»-D 


The  tangent  of 


:  W  A|R  (the  inclination  of  tbe  resultant 

pressure  to  the  vertical)  ia  increased  in  the  ratio  -  +  -^ :  1;  so  that 

it  may  in  some  cases  be  necessary  to  make  the  base  slope  back- 
wards, as  in  fig.  170. 

268.   SlakllltF  •£  BkMccIbs  Walls  •£  ITBlAm  TkldnaH.     (A,  M., 

220.)— Wben  a  wall  for  sup- 
porting a  horizonUd4opped  bank 
is  of  imif orm  thickness,  and  has 
a  sloping  or  curved  £ace,  as  in 
figs.  172  and  173,  its  moment 
of  stability  may  be  determined 
with  a  degree  of  accuracy  suffi- 
cient for  practical  purposes,  in 
the  following  manner : — 

Let  E  Q  in  each  figure  repre- 
sent the  vertical  fece  of  a  rect- 
angular wall  of  the  same  height 
X  and  thickness  t  with  the  pro- 


Fig.  178. 


posed  wall,  and  let  g  be  the  centre  of  gravity  of  that  rectangular 
wall     Then 

W'  qt  =  qu)xfi 

will  be  its  moment  of  stability  per  unit  of  length. 

Divide  the  area  E  Q  N  included  between  the  veitical  £ace  E  Q 
and  the  face  of  the  proposed  wall,  E  N,  by  the  height  x.     Then 


..     -^    EQN 


.(1.) 
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will  be  the  distance  of  the  centre  of  gravity  G  of  the  sloping  or 
curved  wall  from  that  of  the  rectangular  wall;  and  the  change  of 
figure  will  increase  the  stability  in  the  ratio  q  -^  q  'q;  that  is  to 
say,  the  moment  of  stability  will  now  be 

W  {q  -^  ^)  t  ={q  4-  q^  to  X  fi. (2.) 

If  E  N  is  a  straight  line  (fig.  103), 

ON 

9't=Y- (3) 

If  E  N  is  a  parabolic  arc, 

2QN. 
9  ^  =  ~"3~^ (4) 

a  formula  which  is  also  sensibly  correct  when  E  N  is  an  arc  of  a 
circle. 

WaUs  with  a  '^  curved  batter"  are  usually  built  as  shown  in  fig. 
174,  with  the  bed-joints  perpendicular  to  the  figure  of  the  waU. 
This  diminishes  the  obliquity  of  the  pressure  on  the  base. 

269.  CoomtcrfMru  (^A.  M,,  222)  are  projections  from  the  inner 
face  of  a  retaining  wall.  A  wall  and  its  counteiforts,  if  the  bond 
of  the  masonry  is  well  preserved  by  means  of  long  bond-stones 
connecting  the  counterforts  with  the  wall,  are  equivalent  to  a  wall 
having  successive  divisions  of  its  length  alternately  of  greater  and 
of  less  thicknesa     The  moment  of  stability  of  such  a  wall,  per 


1 

B 
C 

J3 

1 

B 

Hg.  174. 


Fig.  175. 


unit  of  length,  when  the  wall  is  well  bonded,  may  be  found, 
with  sufficient  accuracy  for  practical  purposes,  by  adding  together 
the  moments  of  stability  of  one  of  the  parts  between  two  coun- 
terforts, and  of  one  of  the  parts  whose  thickness  is  augmented 
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bj  the  addition  of  a  counterfort^  and  dividing  the  gam  hj  the  joint 
length  of  those  two  parts. 

For  example,  let  fig.  175  represent  a  portion  of  the  pUut^  or  hori- 
zontal section,  of  a  vertical  rectangular  retaining  wall  whose 
height  is  A,  with  a  row  of  rectangular  counterforts  of  the  same 
height  with  the  walL  Let  t  =  ¥  E  be  the  thickness  of  a  part 
of  the  wall  between  two  counterforts,  and  &=£  D  its  length; 
let  T  s  A  B  be  the  thickness  of  a  counterforted  part  of  the  wall^ 
including  the  counterfort,  and  c=  B  C  its  length. 

The  moment  of  stability  of  the  first  part  is 

qwhhfi; 
and  that  of  the  second  part, 

qwhe'P, 

Adding  together  those  moments,  and  dividing  their  sum  by  the 
total  length  5  +  c  =  A  F,  the  mean  moment  of  stability  per  unit  of 
length  is  found  to  be 

?»*•— 6+7~ vM 

Thia  is  the  same  with  the  moment  of  stabilitj  per  Bnit  of  length 
of  a  'wall  of  the  unifonn  thickneBa, 


'.=V{'4i^} <^) 


which  may  be  caUed  the  equwcUerU  untform  todU, 

The  quantity  of  masonry  in  the  counterforted  wall  is  to  the 
quantity  in  the  equivalent  uniform  wall  in  the  ratio 

which  is  always  less  than  unity;  so  that  there  is  a  saving  of 
masonry  (though  in  general  but  a  small  one)  by  the  use  of  counte^ 
forts. 

270.  Sarchuved  BetataiBg  WaiL — This  term  is  applied  to  a  wall 
for  supporting  a  bank  of  earth  which  rises  from  the  top  of  the  wall 
at  the  natuntl  slope  for  a  certain  height,  called  the  height  of  the 
surch4xrgey  beyond  which  it  is  horizontal  The  thrust  of  such  a 
bank  is  intermediate  in  amount  and  in  direction  between  that  of 
a  horizontal-topped  bank  and  that  of  a  bank  with  an  indefinitely 
long  natural  slope. 

The  following  formula  serves  to  compute  approximately  the 
thickness  of  an  upright  rectangular  retaining  wall  for  supporting 
such  a  bank : — 


BETAUairO  WALLS.  409 

Let  a^  as  before,  denote  the  height  of  the  wall, 

c  the  height  of  the  surcharge, 

t  the  thickness  required  to  sustain  a  horizontal  bank,  as 
computed  by  equation  2  of  Article  266,  p.  405, 

^the  thickness  required  to  sustain  a  bank  with  an  inde- 
iinitelj  loDg  natural  slope,  as  computed  by  equations  6  of 
Article  266,  p.  405,  and  4  of  Article  265,  p.  404, 

f  the  thickness  required  for  the  surcharged  wall;  then 

^=-^^T2^'^^^^- <^-) 

When  the  foot  of  the  slope  of  the  bank  rests  on  the  top  of  the 
-wbH,  nearly  above  the  centre  of  resistance  of  the  base,  the  follow- 
ing formula  may  be  used : — 

i=^W{4^)iTTklp  ^  2  c)-.(x+2c)....(2.) 


271.  CMMCnicciMt  m€  B«ttitaiiM(  iTalla.— The  foundation  courses  of 
retaining  walls  have  their  width  increased  beyond  the  thickness  of 
the  Wall  by  a  series  of  steps  in  front,  as  shown  in  figs.  171  and  174. 
The  objects  of  this  are,  at  once  to  distribute  the  pressure  over  a 
greater  area  than  that  of  any  bed-joint  in  the  body  of  the  wall,  and 
to  diffuse  that  pressure  more  equally,  by  bringing  the  centre  of 
resistance  nearer  to  the  middle  of  the  base  than  it  is  in  the  body  of 
the  wall,  according  to  the  principles  already  explained  in  Section 
IV.  of  this  Chapter,  pages  377  to  382. 

The  body  of  the  wall  may  be  either  entirely  of  brick,  or  of  ashlar 
backed  with  brick  or  with  rubble,  or  of  block-in-oourse  backed  witib 
rubble,  or  of  coursed  rubble,  built  with  mortar  or  built  dry.  As 
the  pressure  at  each  bed-joint  is  concentrated  towards  the  face  of 
the  wall,  those  combinations  of  masonry  in  which  the  larger  and 
more  regular  stones  form  the  &oe,  and  sustain  the  greater  part  of 
the  pressure,  and  are  backed  with  an  inferior  kind  of  masonry, 
whose  use  is  chiefly  to  giye  stability  by  its  weight,  are  well  suited 
for  retaining  walls  (see  Article  246,  p.  387),  special  care  being  taken 
that  the  back  and  j&ce  are  well  tied  together  by  long  headers,  and 
that  the  beds  of  the  facing  stones  extend  into  the  waU  to  a  distance 
of  about  as  far  inwards  firom  the  centre  of  pressure  at  the  base  of 
the  wall  as  that  centre  of  pressure  lies  inwards  from  the  face. 

Along  the  base  and  in  front  of  a  retaining  wall  there  should  run  a 
drain,  like  that  at  the  foot  of  the  slope  of  a  cutting.  (See  Article  1 93, 
p.  335.)  In  order  to  let  water  escape  from  behind  the  wall,  it  has 
small  upright  oblong  openings  through  it,  called  "  weeping-holes,** 
which  are  usually  two  or  three  inches  broad,  and  of  the  depth  of  a 
course  of  masonry,  and  are  distributed  at  regular  distances,  an 
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ordinaiy  proportion  being  one  weeping-hole  to  eveiy  4  square 
yards  of  &oe  of  vail. 

The  back  of  a  retaining  wall  should  be  rough,  in  order  to  resist 
any  tendency  of  the  earth  to  slide  upon  it.  This  object  is  promoted 
by  building  the  back  in  steps,  as  exemplified  in  fig.  169. 

In  retaining  walls  of  great  size,  both  back  and  fiice  may  be  built 
of  block-in-course,  or  the  face  of  ashlar  and  the  back  of  block-in- 
course,  the  ''  heart"  of  the  wall  being  of  coursed  rubble,  or  of  beton 
or  strong  concrete  laid  in  regular  courses  of  the  same  depth  with 
those  of  the  &ce  and  back. 

When  the  material  at  the  back  of  the  wall  is  clean  sand  or 
gravel,  so  that  water  can  pass  through  it  readily,  and  escape  by  the 
weeping-holes,  it  is  only  necessary  to  ram  it  in  layers,  as  already 
described  in  Articles  198  and  200,  pp.  341,  342.  But  if  the  material 
is  retentive  of  water,  like  clay,  a  verHoal  layer  of  stones  or  coarse 
.  gravel,  at  least  a  foot  thick,  or  a  dry  stone  rubble  wall,  must  be 
.  placed  at  the  back  of  the  retaining  wall,  between  the  earth  and  the 
masonry,  to  act  as  a  drain. 

A  catchwater  drain  behind  a  retaining  wall  is  often  useful  It 
may  either  have  an  independent  outfall,  or  may  discharge  its  water 
through  pipes  into  the  drain  in  front  of  the  base  of  the  walL 

When  the  material  at  the  back  of  the  wall  is  of  a  loamy  descrip- 
tion, and  liable  to  be  reduced  to  quicksand  or  mud  by  saturation 
with  water,  and  there  are  no  means  of  preventing  sudi  saturation 
by  efficient  drainage,  one  way  of  making  provision  to  resist  the 
additional  pressure  which  may  aiise  from  such  saturation  is  to  cal- 
culate the  requisite  thickness  of  wall,  as  if  the  earth  were  a  fluid, 
making  ^  =  0  in  the  formula. 

Another  way  of  providing  against  such  a  contingency  is  to  con- 
struct, sloping  agamst  the  back  of  the  wall,  a  baiUc  of  shivers  of 
stone  or  of  coarse  gravel,  whose  angle  of  repose  is  not  affected  by 
the  presence  of  water,  and  then  to  fill  in  the  softer  material  The 
pressure  against  the  wall  in  this  case  will  not  at  any  time  greatiy 
exceed  that  of  a  bank  of  the  firm  material  employed,  sloping  at  its 
own  angle  of  reposa 

The  subject  of  relieving  retaining  walls  from  pressure  by  the  aid 
of  arches,  and  that  of  securing  their  foundations  by  special  con- 
trivances in  swampy  ground,  will  be  considered  further  on. 

The  cope  of  a  retaining  wall  should  consist  of  large  flat  stones 
laid  as  headers. 

272.  EMud  Ties  fi»r  B<<«ini»g  Waiu. — Retaining  walls  having 
to  bear  a  great  pressure,  while  they  rest  on  a  yielding  foundation, 
may  have  their  stability  increased  by  being  tied  or  anchored  by 
iron  rods  to  vertical  or  nearly  vertical  plates  of  iron  imbedded  in 
a  firm  stratum  of  earth  at  a  distance  behind  the  wall  sufiSident 
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to  prevent  its  being  disturbed  by  the  operations  of  excavation, 
building,  and  embanMng,  connected  with  the  erection  of  the 
walL 

The  holding  power,  per  foot  of  breadth,  of  a  rectangular  vertical 
anchoring  plate,  the  depths  of  whose  upper  and  lower  edges  below 
the  surface  are  respectively  x^  and  x^  may  be  approximately 
calculated  from  the  following  formula : — 

Let  v/  be  the  weight  of  a  cubic  foot  of  the  earth; 
^  its  angle  of  repose ; 
H,  the  holding  power  per  foot  of  breadth;  then 

H=«/.^.i»^|. (1.) 

The  depth  of  the  centre  of  pressure  of  the  plate  below  the  sur- 
fitce  of  the  ground  is  given  by  the  following  expression : — 

2  ai-ai  .ov     • 

3  if^l^^ ^^'^ 

and  to  that  centre  the  tie-rod  should  be  attached. 

If  the  retaining  wall  depends  on  the  tie-rods  alone  for  its 
security  against  sliding  forward,  they  should  be  fastened  to  plates 
on  the  face  of  the  wall  in  the  line  of  the  resultant  pressure  of  the 
earth  behind  the  wall ;  that  is,  at  one-third  of  the  height  of  the 
wall  above  its  base.  But  if  the  resistance  to  sliding  forward  is  to 
be  distributed  between  the  foundation  and  the  tie-rods,  they  are  to 
be  placed  at  a  higher  level;  for  example,  if  half  the  horizontal 
thrust  is  to  be  borne  by  the  foundation,  and  half  by  the  tie-rods, 
the  latter  should  be  fixed  to  the  wall  at  two-thirds  of  its  height 
above  the  base. 

273.  flmts  r«r  B«iidBiiq(  Waiii« — The  base  of  a  retaining  wall 
may  be  prevented  from  sliding  forward  by  a  series  of  horizontal 
struts  of  masonry  or  brickwork,  abutting  against  rectangular 
masses  whose  resistance  to  displacement  depends  on  the  same 
principles  with  the  holding  power  of  anchoring  plates,  stated  in 
the  last  article. 

When  a  cutting  in  soft  ground  has  a  retaining  wall  at  each  side 
of  it,  the  foundations  of  the  walls  may  be  kept  asunder,  and  thus 
prevented  from  sliding  forward,  by  means  of  a  series  of  inverted 
arches  extending  between  them,  across  and  below  the  base  of  the 
cutting,  so  as  to  act  as  transverse  struts. 

The  upper  parts  of  such  walls  may  also  be  held  asunder  by 
slightly  arched  ribs  of  cast  iron  or  of  brick.  These  ribs  abut 
against  the  walls  at  about  two-thirds  of  their  height  above  their 
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274.  BcUerias  Avciics. — A  row  of  arches  having  their  axes  and 
the  £Etce8  of  their  piers  at  right  angles  to  the  face  of  a  bank  of 
earth  are  called  "  relieving  archea"   There 
'  ^  may  be  either  one  or  several  tiers  of  them, 

. .^^ o and  their  front  ends  may  be  closed  by  a 

f  vertical  wall,  which  thus  presents  the  ap- 

pearance  of  u  retaining  wsdl,  although  the 

length  of  the  archways  is  such  as  to  pre- 
j  vent  the  earth  from  abutting  against  it 

— ^.  .;u  x^^j  _        Fig.   175  represents  a  vertical  transverse 
'^^^to       section  of  such  a  wall,  with  two  tiers  of 
^  V : ''  '■ '  ^^^^^S       relieving  arches  behind  it.     To  compute 

~"~ ^T'  the  length  of  a  relieving  arch   from  its 

^fr  176.  clear  height,  or  its  clear  height  frt>m  ite 

length,  the  following  approximate  formulae  may  be  used,  in  which 

X  denotes  the  depth  of  the  crown  of  an  arch  below  the  sur&c^ 

h,  its  clear  height, 

I,  its  length,  and 

^,  the  angle  of  repose  of  the  eartL 

i  =  oot«n^  (*  +  (rT^)' <^) 

*=^-*-*-(ni^ w 

To  determine  the  conditions  of  stability  of  such  a  structure  as  a 
whole,  the  horizontal  pressure  against  the  vertical  plane  O  D  may 
be  determined,  and  compounded  with  the  weight  of  the  combined 
mass  of  masoniy  and  earth  O  A  E  D  in  front  of  that  plane,  to 
find  the  resultant  pressure  on  the  base. 

In  soft  ground  the  bases  of  the  piers  of  the  lowest  tier  of 

relieving  arches  should  be  connected  by  means  of  inverted  arches, 

^  _  so  as  to  distribute  the  pres- 

j^^s^^^SS:ti:>Si^^^  sure  over  the  whole  area 

^Yr^ir^ir^T  covered  by  the  structure. 

275.  B.itn«MdH«ri>#>- 

U  y  U  U       g.1  Areh«i.— Fig.    176  re- 

pig^  170^  presents  a  plan,  or  horizontal 

section,  of  part  of  a  row  of 
buttresses,  connected  by  horizontally  arched  walls. 

To  find  the  thickness,  T  =  D  E,  required  for  such  buttresaes, 
let 

B  denote  A  B,  the  breadth  of  the  mass  of  earth  which  one 

buttress  has  to  sustain ; 
b,  the  bi-eadth  of  the  buttress ; 
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iy  the  thickness  which  would  be  required  for  an  uniform  wall, 
to  sustain  the  same  bank  of  earth,  computed  as  in  Article  266, 
equation  2,  p.  405;  then 

T=t\/^,b  =  B'f, (1.) 

In  soft  ground  the  bases  of  the  buttresses  may  be  connected  by 
means  of  inverted  arches,  to  distribute  the  pressure;  and  their 
tops  may,  if  necessary,  be  connected  by  means  of  arches,  in  order 
to  support  a  platform,  or  a  surcharged  bank  of  eartL  In  the  last- 
mentioned  case,  ^  is  to  be  computed  as  in  Article  270,  p.  409. 

SscnoK  YllL—0/ Stone  and  Brick  Arches. 


276.  OcMMl  llMelHra  •€  ArchM  mi  81mm.  {A.  if.,*  223.)-<An 
arch  of  masonry  consLsts  of  a  sector  of  a  ring,  composed  of  courses  of 
wedge-formed  stones,  called  {vrck-^Umes  or  vou88oi/r8f  pressing  against 
each  other  at  sur&ces  called  bed-joints,  which  are,  or  ought  to  be,  per- 
pendicular, or  nearly  perpendicular,  to  the  soffit,  or  internal  concave 
surface  of  the  arcL  The  soffit  is  also  called,  in  mathematical  lan- 
guage, the  inirados.  The  word  eoOrados  is  applied  sometimes  to  the 
upper  surface  of  the  riug  of  arch-stones;  sometimes  to  that  of  the 
soUd  masonry  or  backing  above  them;  sometimes  to  that  of  the  entire 
mass  of  permanent  loadybg  material  (See  also  p.  203.)  The  outer 
or  convex  sur&ce  of  the  ring  of  arch-stones,  which  may  be  either  a 
curved  surface  or  a  series  of  steps,  sustains  the  vertical  pressure  of 
that  part  of  the  load  whi6h  arises  from  the  weight  of  materials 
other  than  the  arch-stones  themselves;  and  that  outer  surface  also 
exerts  in  many  cases  a  horizontal  or  inclined  thrust  against  the 
spandrils  and  ainUments,  The  abutments  sustain  also  the  thrust 
of  the  lowest  voussoirs,  vertical  or  inclined,  as  the  case  may  be. 
The  course  of  stones  from  which  an  arch  springs  is  called  the 
springing-course  or  skew-bcbcky  the  latter  term  being  used  when  its 
upper  and  lower  beds  are  oblique  to  each  other.  Sometimes  an 
ardi  springs  at  once  from  the  ground,  so  that  its  abutments  are  its 
foundations. 

A  wall  standing  on  an  arch,  in  the  plane  of  the  arch-riug,  is 
called  a  spandril  waU,  The  arch  of  a  bridge  requires  a  pair  of 
eaBbemcd  spandril  toaUs,  one  over  each  /ace  of  the  arch ;  the  space 
between  them  is  filled  up  to  a  certain  level  with  solid  masonry,  and 
above  that  level  it  is  sometimes  filled  with  earth  or  rubbish,  and 
sometimes  occupied  by  a  series  of  internal  spandril  tvaUs  parallel  to 
the  external  spandril  walls,  and  having  vacant  spaces  between 
them — a  mode  of  construction  &vourable  both  to  stability  and  to 
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lightnesa  In  order  to  form  a  contintLons  platform  for  the  road- 
way, the  spaces  between  the  internal  spandril  walls  are  sometimes 
covered  with  flags  of  some  strong  stone  (such  as  slate),  and  some- 
times arched  over  with  small  transyerse  arche&  The  ertemal 
spandril  walls  are  the  abutments  of  those  arches,  and  must  have 
stability  sufficient  to  sustain  their  thrust :  when  the  spandrils  are 
filled  with  earth  or  rubbish,  the  external  spandril  walls  must  have 
stability  sufficient  to  withstand  the  pressure  of  the  filling  material 
277.  HaMUT  •£  Arches— BAcktaf. — The  description  of  masoniy 
used  for  arches  is  either  ashlar  or  block-in-course;  the  beds  being 
perpendicular  or  nearly  perpendicular  to  the  direction  of  the  thrust 
through  the  arch-ring,  and  the  side-joints  perpendicular  to  the  beds 
and  to  the  soffit.  In  common,  or  aqua/re  anmes,  in  which  the  ads 
of  the  archway  is  perpendicular  to  each  face  of  the  arch,  the  bed- 
joints  are  plane;  in  oblique,  or  shew  arches,  they  are  curved 
surfaces,  shaped  according  to  principles  which  will  be  explained  in 
a  later  article. 

The  principles  according  to  which  the  masonry  of  arches  is  to  be 
built  are  in  other  respects  the  same  with  those  already  explained  in 
Ai-ticles  242  and  243,  pp.  384  to  386.  Special  care  is  to  be  taken 
to  cut  and  lay  the  beds  of  the  stones  accurately,  and  to  make  the 
bed-joints  thin  and  close,  in  order  that  the  aich  may  be  strained 
as  little  as  possible  by  settling.  To  insure  this,  some  engineers  have 
caused  arches  to  be  built  diy,  grout  or  liquid  mortar  being  after- 
wards run  into  the  joints;  but  the  advantage  of  this  method  is 
doubtful.  Others  have  placed  sheets  of  lead  in  the  bed-joints,  to 
distribute  the  pressure  between  the  stones. 

The  backing  of  an  arch  consists  of  block-in-course,  coursed 
rubble,  or  random  rubble,  and  sometimes  of  concrete.  When  the 
backs  of  the  arch-stones  are  cut  into  steps,  the  backing  is  built  in 
courses  of  the  same  depth  with  those  steps,  and  thus  bonded  with 
them.  Sometimes  the  backing  is  built  in  radiating  courses,  whose 
beds  are  prolongations  of  the  bed-joints  of  the  arch-stones.  Both 
these  methods  are  favourable  to  strength  and  stability. 

The  height  to  which  the  solid  backing  should  be  built  is 
regulated  by  principles  which  will  be  explained  in  subsequent 
articles. 

The  upper  surface  of  the  backing,  and  of  that  part  of  the  arch,  if 
any,  near  the  crown,  which  is  without  backing,  is  coated  with  a  layer 
of  waterproof  material,  such  as  day  puddle  (Aiticle  206,  p.  344), 
mixed  cement  (Article  231,  p.  374),  or  bituminous  concrete 
(Article  234,  p.  376);  the  last  being  the  best.  Any  rain-water 
which  penetrates  the  structure  above  the  arch  flows  to  the  valleys 
or  lowest  parts  of  this  coating,  whence  it  is  carried  away  by  tubes 
or  other  convenient  outlet& 
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278.  Brick  AvchM  may  be  built  either  of  gauged  or  wedge- 
formed  bricks,  moulded  or  rubbed  so  as  to  suit  to  the  radius  of  &e 
soffit,  or  of  bricks  of  the  common  shape.  In  the  former  case,  the 
methods  of  bonding  the  bricks  are  the  same  with  those  employed 
in  walls  (Article  255,  p.  394);  in  the  latter,  the  bricks  are  accom- 
modated to  the  curved  figure  of  the  arch  by  making  the  bed-joints 
thinner  towards  the  intrados  than  towards  the  extrados,  or,  if  the 
curvature  is  sharp,  by  driving  thin  pieces  of  slate  into  the  outer 
edges  of  those  joints ;  and  different  methods  are  followed  for  bond- 
ing them.  The  most  common  way  is  to  build  the  arch  in  con- 
centric rings,  each  half-a-brick  thick :  this  is,  in  fact,  to  lay  the 
bricks  all  stretchers,  and  to  depend  upon  the  tenacity  of  the 
mortar  or  cement  for  the  connection  of  the  several  rings.  It  is 
deficient  in  strength,  unless  the  bricks  are  laid  in  cement  at  least 
as  tenacious  as  themselves.  Another  way  is  to  introduce  courses 
of  headers  at  intervals,  so  as  to  connect  pairs  of  half-brick  rings 
together.  This  may  be  done  either  by  thickening  the  joints  of  the 
outer  of  a  pair  of  half-brick  rings  with  pieces  of  slate,  so  that  there 
shall  be  the  same  number  of  courses  of  stretchers  in  each  ring 
between  two  courses  of  headers;  or  by  placing  the  courses  of 
headers  at  such  distances  apart  that  between  each  pair  of  them 
there  shall  be  one  course  of  stretchers  more  in  the  outer  than  in  the 
inner  ring.  The  former  method  is  the  best  suited  to  arches  of  long 
radius,  the  latter  to  those  of  short  radius. 

Hoop-iron  bond  (Article  256,  p.  395),  laid  round  the  (vrch, 
between  half-brick  rings,  as  well  as  longitudinally  and  radially,  is 
Teiy  useful  for  strengthening  brick  arches.  The  bands  of  hoop- 
iron  which  traverse  the  arch  radially  may  be  bent,  and  prolonged 
in  the  bed-joints  of  the  backing  and  spandril&  By  the  aid  of 
hoop-iron  bond  Sir  Marc-Isambard  Brunei  built  a  half-arch  of 
bricks  laid  in  strong  cement,  which  stood  projecting  from  its 
abutment  like  a  bracket,  to  the  distance  of  60  feet,  until  it  was 
destroyed  by  its  foundation  being  undermined. 

279.  Vm  •€  CcBtTM. — ^A  centre  is  a  temporary  structure  of  timber 
or  iron  (but  most  commonly  of  timber),  by  which  the  voussoirs  of 
an  arch  are  supported  until  the  arch  is  completed,  and  capable  of 
supporting  itseUl  The  principles  of  the  strength,  stability,  and 
construction  of  centres  will  be  explained  under  the  head  of 
Carpentry. 

A  centre  consists  of  parallel  frames  or  riha  about  5  or  6  feet  apart, 
curved  on  the  outside  to  a  figure  parallel  to  that  of  the  soffit  of  the 
arch,  and  supporting  a  series  of  transverse  planks  called  laggings, 
upon  which  the  archstones  directly  rest. 

The  oldest  and  most  common  kind  of  centre  is  one  which  can  be 
lowered  or  "  struck  "  all  in  one  piece,  by  driving  out  wedges  from 
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below  it,  80  as  to  remove  the  support  from  below  every  part  of  the 
arch  at  once.  An  improved  kind  was  first  introduced  by  Hartley, 
in  whidi  socA  lagging  is  supported  upon  the  ribs  by  wedges  or 
screws  of  its  own,  so  that  the  support  can  be  removed  from  the 
arch-stones  course  by  course,  and  replaced  in  the  event  of  the 
settlement  proving  too  rapid. 

The  centre  of  an  arch  should  not  be  struck  until  the  solid  part 
of  the  backing  has  been  built,  and  the  mortar  has  had  time  to  set; 
and  when  an  arch  forms  one  of  a  series  of  arches^  with  piers 
between  them,  no  centre  shotdd  be  struck  so  as  to  leave  a  pi«r 
with  an  arch  abutting  against  one  side  of  it  only,  unless  the  pier  is 
what  is  termed  an  ''abutment-pier;**  that  is,  a  pier  which  has 
sufficient  stability  to  act  as  an  abutment 

280.  lilMvfPNMVMtaaa  Avcb— C«B4lti«m«fSiiikllltr.  (^f  If., 
224.)— If  a  straight  line  be  drawn  through  each  bed-joint  of  the 
arch-ring,  representing  the  position  and  direction  of  the  resultant  of 
the  pressure  at  that  joint,  the  straight  lines  so  drawn  form  a  poly- 
gon, and  each  of  the  angles  of  that  polygon  is  situated  in  the  line  of 
action  of  the  resultant  external  force  acting  on  the  arch-stone  which 
lies  between  the  pair  of  joints  to  which  the  contiguous  sides  of  the 
polygon  correspond;  so  that  the  polygon  is  similar  to  a  polygonal 
frame,  loaded  at  its  angles  with  the  forces  which  act  on  the  arch- 
stones  (their  own  weight  included).  A  curve  inscribed  in  that 
polygon,  so  as  to  touch  all  its  sides,  is  the  line  of  presau/ret  of  the 
arch.  The  smaller  and  the  more  numerous  the  arch-stones  into 
.which  the  arch-ring  is  subdivided,  the  more  nearly  does  the  poly- 
gon coincide  with  the  curve;  and  the  curve  or  line  of  pressures 
represents  an  ideal  linea/r  arch,  which  would  be  balanc^  under 
the  continuously-distributed  forces  which  act  on  the  real  arch  under 
consideration.  From  the  near  approach  of  this  linear  arch  to  the 
polygon  whose  sides  traverse  the  centres  of  resistance  of  the  bed- 
joints,  the  points  where  the  linear  arch  cuts  those  joints  may  be 
taken  without  sensible  error  for  the  centres  of  resistance. 

Now  in  order  that  the  stability  of  the  arch  may  be  secure,  it  Ls 
necessary  that  no  joint  should  tend  to  open  either  at  its  outer  or  at 
its  inner  edge;  and  in  order  that  this  may  be  the  case,  the  centre 
of  resistance  of  each  joint  shotdd  not  deviate  from  the  centre  of  the 
joint  by  more  than  one-sixth  of  the  depth  of  the  joint;  that  is  to 
say,  the  centre  of  resistance  should  lie  within  the  middle  third  of 
the  depth  of  the  joint;  whence  follows  this 

Theoreil  The  etabUity  of  an  arch  is  secure,  if  a  linear  arch, 
balanced  wnder  the  forcee  vMch  ad  on  the  real  a/rdh,  can  he  drawn 
vxUhin  the  Tjuddle  third  of  the  depth  of  dis  arch-ring.  It  is  through 
this  theorem  that  the  principles  df  the  stability  of  ideal  linear 
arches  or  ribs^  already  explained  in  Article  132^  p.  202,  and  the 
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previous  articles  referred  to  in  that  article,  and  also  in  Articles  133 
to  139^  pp.  203  to  218,  become  applicable  to  real  arches  of  masonry 
and  brickwork. 

It  may  be  held  that  in  most  practical  examples  the  tenacity 
of  fresh  mortar  is  not  sufBciently  great  to  be  taken  into  account  in 
determining  the  stability  of  masoniy;  and  hence,  where  cement  is 
not  used,  all  horizontal  or  oblique  conjugate  forces  which  maintain 
the  equilibrium  of  the  ai-ch-ring  must  be  pressures,  acting  on  the 
arch  from  without  inwards.  The  linear  arch,  therefore,  is  limited 
in  such  cases  to  those  forms  which  are  balanced  imder  pressiurea 
from  wUhauit  obUme;  that  is  to  say,  that  the  intensity  of  the 
horizontal  or  conjugate  pressure,  denoted  by  p^  in  Article  138, 
equation  4,  p.  214,  m/uat  not  at  any  point  he  negative. 

It  is  true  that  arches  have  stood,  and  still  stand,  in  which  the 
centres  of  resistance  of  joints  fall  beyond  the  middle  third  of  the 
depth  of  the  arch-ring ;  but  the  stability  of  such  arches  is  either  now 
precarious,  or  must  have  been  precarious  while  the  mortar  was  fresh. 

When  tenacity  to  resist  horizontal  or  oblique  tension  is  given  to 
the  spandrils  of  an  arch,  and  to  the  joints  between  them  and  the 
arch-stones,  by  means  of  cement,  hoop-iron  bond,  iron  cramps,  or 
otherwise,  the  conjugate  tension  denoted  by-/?,  must  not  at  any 
point  exceed  a  safe  proportion  of  that  tenacity;  »that  is  to  say, 
about  one-eighth.  By  this  means  stability  may  be  given  to  arches 
of  seemingly  anomalous  figures;  but  such  structures  are  safe  on  a 
small  scale  only. 

281.  R«latl«m  betwaea  Xitacsr  RA  aad  IbivmIm  mt  Resl  Arch. — 
There  are  numerous  cases  in  which  the  form  of  a  linear  rib,  suited 
to  sustain  a  given  load,  may  at  once  be  adopted  for  the  inti-ados  of 
a  real  arch  for  sustaining  the  same  load,  with  sufficient  exactness 
for  practical  purposes.     The  following  is 

the  test  whether  this  method  is  appli-      .  ^^ 1 

cable  in  any  given  case.    Let  A  C  B  in  fig.  ^.'^^^^^ i 

177  be  one  £ilf  of  the  ideal  rib  which  it  ^^^^^^^^'^ 

is  proposed  to  adopt  as  the  intrados  of  //^ 

a  real  arch.     Draw  A  a  normal  to  the  rib  /  X 

at  the  crown,  so  as  to  represent  a  length     %// 

not  exceeding  two-thirds  of  the  intended      *^ 

depth  of  the  keystone,   and  conceive  a  *^*   ^^* 

couple  applied  to  the  keystone,  consisting  of  tension  at  A  equal 

and  opposite  to  the  thrust  alo^g  the  rib  there,  and  of  an  equal 

^^^^^'ust  at  a.     Draw  a  normal  B  5  at  the  springing,  and  make 

B  ft  _  thrust  along  rib  at  A 

AT  a  ""  thrust  along  rib  at  B' 

^d  conceive  a  couple  of  equal  moment  to  the  first,  consisting  of 
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temdon  at  B  and  thrust  at  &,  to  be  applied  at  the  springiDg.  The 
pair  of  couples  thus  introduced,  being  equal  and  opposite,  do  not 
alter  the  equilibrium,  their  only  effect  being  to  transfer  the  line  of 
pressures  from  the  intrados  or  ideal  rib  A  C  B  to  a  line  acb,  whose 
perpendicular  distance  C  c  from  the  intrados  at  any  point  is 
inversely  as  the  thrust  along  the  rib  at  that  point  Then  if  a  c  5 
lies  within  the  middle  third  of  the  arch-ring,  the  ideal  rib  A  O  B 
is  of  a  suitable  fonn  for  the  intrados. 

The  process  may,  if  required,  be  commenced  by  making  B  h  not 
less  than  one-third  of  the  depth  of  the  arch  at  the  springing,  that 
depth  having  first  been  fixed  with  due  regard  to  the  conditions  of 
resistance  to  crushing,  which  will  be  considered  further  oel 

282.  Vm  •€  K«alUbniM4  w  TmBsferaiadl  Caiaiarr  ArehM.— The 
transformed  catenary  has  already  been  fully  described  in  Article 
131,  pp.  200  to  202.  When  used  for  the  intrados  of  an  arch,  it  is 
commonly  called  the  ''curve  of  equilibrium.**  It  is  suited  for  the 
support  of  any  load  whose  pressure  is  wholly  vertical,  and  whose 
extrados  is  either  a  horizontal  plane  coinciding  with  the  dwedtrix 
O  X  of  the  transformed  catenary  (fig.  114),  or  another  transformed 
catenary  having  the'  same  directrix. 

When  the  method  of  Article  281  is  applied  to  an  intrados  of 
this  figure,  the  resulting  curve,  a  c  6  of  fig.  177,  is  simply  the  same 
curve  shifted  vertically  upwards  through  the  height  A  a. 

In  making  use  of  the  transfoimed  catenary  in  practice,  there  are 
usually  given,  the  directrix,  the  crown  of  the  arch,  and  the  points 
from  which  it  is  to  spring.  From  these  data  the  moduLua  m  is  to 
be  computed  by  means  of  equation  4  of  Article  131,  p.  202;  and 
then  the  vertical  ordinate  y  from  the  dii-ectrix  at  any  given  hori- 
zontal distance  x  from  the  crown  of  the  arch  is  given  by  the 
formula, — 


V 


=|(^+.-::); (1.) 


in  which  y^  is  the  depth  of  the  curve  of  the  arch  below  the 
directrix.     (See  table.  Article  298,  p.  436.) 

In  applying  the  formulsB  (3)  of  Article  131,  p.  202,  to  this  arch, 
thrust  is  to  be  read  instead  of  tension;  and  the  symbol  u;  is  to  be 
understood  to  stand  for  the  had  per  squevrefoot  of  the  vertical  area 
between  the  intrados  and  the  directrix. 

For  example,  let  B  denote  the  breadth  of  the  arch,  or  length  of 
the  archway,  in  feet;  let  w^  be  the  weight  of  a  cubic  foot  of  the 
masonry;  let  the  extrados  be  a  transformed  catenary,  each  of  whose 
ordinates,  measured  from  the  directrix,  is  equal  to  the  correspond- 
ing ordinate  of  the  intrados  multiplied  by  a  fraction  n;  and  let 
a  fraction  k  be  the  ratio  of  the  volume  of  solid  building  to  the 
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whole  volume,  the  remainder  I  —k  consistiDg  of  spandril-voids. 
Then, 

w  =  nk  Wj^ (2.) 

In  order  that  the  arch  may  be  equilibrated  under  its  own  weight 
and  that  of  the  solid  backing  alone,  as  well  as  when  the  whole 
structure  is  finished,  the  figure  of  the  upper  surface  of  the  solid 
backing  should  itself  either  be  a  transformed  catenaiy,  or  ap- 
proximate to  that  curva 

283.  Um  •€  thm  mj4rmnmtu  Arch. — The  mathematical  and 
mechanical  properties  of  this  arch,  considered  as  a  Hnear  rib,  have 
been  explained  in  Article  136,  pp.  208  to  212. 

Inasmuch  as  the  thrust  through  this  arch  is  uniform,  the  ap- 
plication of  the  method  of  Article  281  to  it  produces  simply  a  curve 
parallel  to  it ;  so  that  if  it  be  used  for  the  intrados  of  an  arch-ring  of 
uniform  thickness,  and  the  centre  of  resistance  at  the  keystone  be  at 
the  middle  of  the  thickness,  the  line  of  pressures  will  be  at  the  middle 
of  the  thickness  of  the  arch-ring  throughout,  or  approximately  so. 
The  word  "approximately"  is  used,  because  the  thrust  along  the  real 
arch  is  not  exactly  uniform,  like  that  in  the  ideal  rib;  for  at  the 
springing  it  is  greater  than  at  the  crown,  by  an  amount  equal  to  the 
weight  of  the  prism  of  masonry  which  stands  vertically  above  the 
springing-course;  but  that  difference  is  preu^ically  unimportant. 

The  application  of  the  hydrostatic  arch  to  practice  is  founded  on 
the  fact,  that  every  ai^h,  after  having  been  built,  subsides  at  the 
crown,  and  spreads,  or  tends  to  spr^id,  at  the  haunches,  which 
therefore  press  horizontally  against  the  filling  of  the  spandrils; 
from  which  it  is  inferred  as  probable,  that  if  an  arch  be  built  of  a 
figure  suited  to  equilibrium  under  fluid  pressure — ^that  is,  pressure 
of  equal  intensity  in  all  directions — it  will  spread  horizontally,  and 
compress  the  masoniy  of  the  spandrils,  until  the  horizontal  pressure 
at  each  point  becomes  of  equal  intensity  to  the  vertical  pressure,  and 
therefore  sufficient  to  keep  the  arch  in  equilibrio. 

In  addition  to  the  methods  already  explained  in  Article  136  for 
drawing  the  figure  of  the  arch,  the  following  method  may  be  given 
for  describing  an  approximation  to  it  about  five  centres.  It  is  very 
simple,  and  has  been  found  by  trial  to  answer  well. 

In  fig.  178,  let  F  B  be  the  half-span  and  F  A  the  rise  of  the 
proposed  arcL  Make  A  C  =  e^j,  and  B  D  =  ei,  the  radii  of  curvature 
at  the  crown  and  springing,  as  calculated  by  the  formulae  (11 
and  12)  of  Article  136,  p.  211.*     Then  C  will  be  one  of  the 

*  The  fint  of  the  formii]»  (11),  p.  211,  ought  toheaa  follows:— 
In  the  fleoood  of  the  formii]»  (12),  fixr  2  xs  read  2  opi. 
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oentres,  and  D  another.  About  D,  with  the  radius  D  E  =  F  A 
—  B  D,  describe  a  circular  arc,  and  about  C 
with  the  radius  C  E  =  C  F,  describe  another 
circular  arc;  let  E  be  the  point  of  intersection 
of  those  arcs;  this  will  be  a  third  centre;  and 
two  more  centres  will  be  similarly  situated  to  D 
and  E  with  respect  to  the  other  half-arch. 

Then  about  C  with  the  radius  C  A,  draw  the 
circular  arc  A  G  till  it  cuts  C  E  produced  in  G ; 
about  E,  with  the  radius  E  G  =  F  A,  draw  the 
circular  arc  G  H  till  it  cuts  E  D  produced  in  H ; 
about  D,  with  the  radius  D  B,  draw  the  circular 
arc  H  B.  This  completes  one  half-arch,  and  the 
other  is  drawn  in  the  same  manner. 

The  curve  thus  described  falls  a  little  beyond 

Pig.  178.  the  true  hydrostatic  arch  at  G,  and  a  little 

within  it  at  H. 

To  give  the  greatest  possible  security  to  a  hydix>static  arch, 

especially  if  the  span  is  great  compared  with  the  rise,  the  backing 

ought  to  be  built  of  solid  rubble  masonry  up  to  the  level  of  the 

cix)wn  of  the  extrados,  before  the  centre  is  struck. 

Many  semi-eUiptic  arches  may  be  treated  as  approximate  hydro- 
static arches.  In  fact,  many  of  the  arches  called  semi-elliptic  ap 
proximate  more  nearly  to  the  figure  of  the  hydrostatic  arch  than  to 
that  of  the  true  semi-ellipse.  The  true  semi-ellipse  of  a  given  span 
and  rise  differs  from  the  hydrostatic  arch  by  being  of  somewnat 
sharper  cui'vature  at  the  crown  and  springing,  and  somewhat  flatter 
curvature  at  the  haunches,  and  by  enclosing  a  somewhat  less  area. 

284.  Uae  •r  tke  OeMtatic  Arch. — The  derivation  of  the  figure  of 
this  arch,  by  transformation  from  that  of  the  hydrostatic  arch,  and 
most  of  its  properties,  have  been  explained  in  Article  137,  pp.  212, 
213.  The  following  problem  only  remains  to  be  solved  Given  in 
a  geostatic  arch,  the  rise  a,  the  half-span  «,  and  the  depth  of  load  at 
the  crown  Xq]  it  is  required  to  find  the  proportion  c,  which  the 
half-span  and  other  horizontal  dimensions  bear  to  the  correspond- 
ing dunensions  of  a  hydrostatic  arch  whose  vertical  dimensions  are 
the  same : — 

Make  /     +  o\5  &« 


c  =  —  nearly. (1.) 

This  method  may  be  applied  to  those  semirdliptic  archos  which 
are  not  approximate  hydrostatic  arches. 
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2S5.  SttibUliy  •f  mmj  yt^p— 1>4  Arch.  {A.  M.,  225.)-—The  first 
step  towards  determining  whether  a  proposed  arch  will  be  stable,  is 
to  €ts9U7ne  a  linear  arch  parallel  to  the  intrados  or  soffit  of  the  pro- 
posed arch,  and  loaded  vertically  with  the  same  weight,  distributed 
in  the  same  manner.  The  nze  of  this  assumed  linear  arch  is  a 
matter  of  indifferenoe,  provided  each  point  in  it  is  considered  as 
subjected  to  the  same  forces  which  act  at  the  corresponding  joint  in 
the  real  arch;  that  is,  ike  joint  <U  which  the  indination  of  the  real 
o^rch  to  the  horizon  ie  the  same  with  that  of  the  assumed  a/rch  at  the 
given  point. 

The  a^ssumed  linear  arch  is  next  to  be  treated  according  to  the 
method  of  Article  138,  pp.  213  to  216;  and  by  equation  4  of  that 
Article,  p.  214,  is  to  be  determined,  either  a  general  expression,  or 
a  series  of  values,  of  the  intensity  p^  of  the  conjugate  pressure, 
horizontal  or  oblique,  as  the  case  may  be,  required  to  keep  the  arch 
in  equilibrio  under  the  given  vertical  load.  K  that  pressure  is 
nowhere  negative,  a  curve  similar  to  the  assumed  arch,  drawn 
through  the  midoUe  of  the  arch-ring,  will  be  either  exactly  or  very 
nearly  the  line  of  pressures  of  the  proposed  arch ;  p^  will  represent, 
either  exactly  or  very  nearly,  the  intensity  of  the  lateral  pressure 
which  the  real  arch,  tending  to  spread  outwards  under  its  load, 
will  exert  at  each  point  against  its  spandril  and  abutments;  and 
the  thrust  along  the  linear  arch  at  each  point  will  be  the  thrust  of 
the  real  arch  at  the  corresponding  joint 

On  the  other  hand,  if  jp,  has  some  negative  values  for  the  assumed 
linear  arch,  there  must  be  a  pair  of  points  in  that  arch  where  that 
quantity  changes  from  positive  to  negative,  and  is  equal  to  nothing. 
The  angle  of  inclination  i^  at  that  point,  called  the  angle  ofrupture^ 
is  to  be  determined  by  solving  Problem  IV.  of  Article  138,  pp. 
215,  216.  The  corresponding  joints  in  the  real  arch  are  called  the 
joirUs  ofruptfwre;  and  it  is  below  those  joints  that  conjugate  pres- 
sure from  without  is  required  to  sustain  the  arch,  and  that  con- 
sequently the  backing  must  be  built  with  squared  side  joints. 

In  fig.  179,  let  B  C  A  represent 
one-half  of  a  symmetrical  arch, 
K  L  D  E  an  abutment,  and  C  the 
joint  of  rupture,  found  by  the 
method  already  described.  The 
povnt  of  rupture,  which  is  the 
centre  of  resistance  of  the  joint  of 
J^pture,  is  somewhere  within  the 
middle  third  of  the  depth  of  thit 
joint;  and  from  that  point  down 
*o  the  springing  joint  B,  the  line 
of  pressures  is  a  curve  similar  to 


Fig.  179. 
the  assumed  linear  arch,  and 
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parallel  to  the  intradoe,  being  kept  in  eqnilibrio  by  the  lateral  pics 
sore  between  the  arch  and  its  spandril  and  abatment 

From  the  joint  of  rapture  C  to  the  crown  A,  the  figure  of  the 
true  line  of  pressures  is  determined  by  the  condition^  that  it  shall 
be  a  linear  arch  balanced  under  vertical  forces  only;  that  is  to  say, 
the  horizontal  component  of  the  thrust  along  it  at  each  point  is 
a  constant  quantity,  and  equal  to  the  horizontal  component  of  the 
thrust  along  the  arch  at  the  joint  of  rupture. 

That  horizontal  thrust,  denoted  by  H^  is  found  in.  solving 
Problem  lY.,  Article  138^  p.  213,  and  is  the  horizontal  thrust  of 
the  entire  arch. 

[If  the  arch  is  distorted,  conjugate  thnui  is  to  be  read  instead  of 
"  KofiztnUal  thrust,'*  wherever  that  phrajse  occurs.] 

The  only  point  in  the  line  of  pressures  above  the  joints  of 
rupture  which  it  is  important  to  determine,  is  that  which  is  at 
the  crown  of  the  arch,  A;  and  it  is  found  in  the  following  man- 
ner:— 

Find  the  centre  of  gravity  of  the  load  between  the  joint  of 
rupture  G  and  the  crown  A;  and  draw  through  that  centre  of 
gravity  a  vertical  line. 

Then  if  it  be  possible,  from  one  point,  such  as  M,  in  that  vertical 
line,  to  draw  a  pair  of  lines,  one  parallel  to  a  tangent  to  the  soffit 
at  the  joint  of  rupture,  and  the  other  parallel  to  a  tangent  to  the 
soffit  at  the  crown,  so  that  the  former  of  those  lines  s^dl  cut  the 
joint  of  rupture,  and  the  latter  the  keystone,  in  a  pair  of  points 
which  are  both  within  the  middle  third  of  the  depth  of  the  arch- 
ring,  the  stability  of  the  arch  will  be  secure;  and  if  the  first  point 
be  the  point  of  rupture,  the  second  will  be  the  centre  of  resistance 
at  the  crown  of  ike  arch,  and  the  crown  of  the  true  line  of  pres- 
sures. 

When  the  pair  of  points  related  to  each  other  as  above  do  not 
fall  at  opposite  limits  of  the  middle  third  of  the  arch-ring,  their 
exact  positions  are  to  a  small  extent  uncertain;  but  that  un- 
certainty is  of  no  consequence  in  practice.  Their  most  pro- 
bable positions  are  equi-distant  from  the  middle  line  of  the 
arch-ring. 

Should  the  pair  of  points  ML  beyond  the  middle  third  of  the 
arch-ring,  the  depth  of  the  arch-stones  must  be  increased. 

286.  ClrcaUur  Arch»  nt  1«m  tham  m  QnnArsat. — In  applying  the 
principles  of  the  preceding  article  to  an  arch  whose  intrados  is  an 
arc  of  a  circle,  it  is  necessary  to  modify  the  equations  9  and  11  of 
Article  138,  Example  IV.,  p.  217,  in  order  to  take  into  account 
the  weight  of  a  given  portion  of  the  ring  of  arch-stones,  as  dis- 
tinguished from  that  of  the  matenal  which  rests  upon  it  The 
results  are  as  foUows : — 
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In  a  circular  arch  with  a  horizontal  platform  above  it,  let 

r  denote  the  radius  of  the  intradosj 

r'  that  of  the  extrados  of  the  a/rck^ngy  which  is  supposed  uni- 
formly thick ; 

e  the  depth  of  loading  material  above  the  crown  of  the  arch; 

V)  the  weight  of  a  cubic  foot  of  the  arch-stones; 

w  the  mean  weight  of  a  cubic  foot  of  the  superstructure,  includ- 
ing voids  (=  ^  10  nearly) ; 

Then  the  solution  of  the  following  equation  gives  the  angle  qf 

0=  (!^(l-ooBg +(l-^')VlC?L^dnJ.ly. 
\v)  ^  "'      \       wj      2  sm'  tQ       J 

^^^_  VlCOM»  rin^  ^    (I  , 

to  2  sm*  *o  ^   ^ 

which  having  been  solved,  the  following  equation  gives  the  Aort- 
zontal  thrust  for  each  unit  of  breadth  of  the  Oflrch: — 

+  „(^_^i!L5^. (2.) 

Equation  1  is  here  given  in  the  form  best  suited  for  practical 
use,  being  that  of  a  quadratic  equation  between  f',  r,  and  c,  with 
oo-efficients  depending  on  the  angle  i^  and  on  the  comparative 
heaviness  of  the  arch  and  of  the  superstructure.     The  value  of  t^ 

can  be  calculated  from  a  given  set  of  values  of  r',  r,  c,  and  — ,  by  a 

series  of  trials  only;  but  if  a  value  of  t^  be  assumed,  then  any  one 
of  those  four  quantities  can  be  computed  exactly  by  solving  the 
quadratic  equation. 

Problem. — The  radius  of  the  intrados  r,  and  the  height  o  of  the 
horiaontal  platform  above  the  crown  of  the  an-ch  being  given,  to  find 
the  outer  radius  t'  of  the  arching  corresponding  to  cm  cusumed  angle 
cf  rupture  i^.  In  this  case  r'  is  the  unknown  quantity;  and  if 
equation  1  be  denoted  for  brevity's  sake  by 

A?*^  +  -    cr-Br2  =  0, 
to  ' 

its  solution  is 

-■VS-'n^)-.-^- « 
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In  most  of  the  examples  of  circokr  arches  which  oocnr  in  prac- 
tice, the  angle  of  rupture  lies  between  45*^  and  55^;  so  that  if  the 
squared  backing  is  carried  up  to  that  part  of  the  arch  which  is 
inclined  at  an  angle  of  45°  to  the  horizon,  its  height  will  be  soffi- 
cient,  at  least. 

It  further  appears,  by  trial,  that  the  following  approximate  role 
seldom  errs  by  so  much  as  one-twentieth  part  in  giving  the  hori- 
zontal thrust  of  the  arch. 

The  horizontcd  thrust  is  nearly  eqwd  to  the  weight  aupporied 
between  the  crown  and  thai  part  of  the  soffit  whose  inclination  is  45°; 
or  in  symbols, 

Ho  nearly  =  M/  /  (-0644  t^  +  -7071  c)  +  -3927  w  (f^-r2).,..(4.) 

Thus,  in  ^g,  180,  let  A  C  B  represent  one-half  of  a  cirtmlar 
arch,  O  being  the  centre  of  the  intntdos  and  O  A  its  radius,  =r; 
let  O  P  =  /,  P  U  =  c;  U  V  being  the 
horizontal  platform.  Draw  O  C  F,  mak- 
ing the  angle  A  0  C  =  45°  with  the  verti- 
cal; then  the  horizontal  thrust  of  the  arch 
will  be  nearly  equal  to  the  weight  of  the 
masd  A  C  F  V  IT,  which  lies  between  the 
joint  C  F  and  the  crown.  The  point  F 
is  that  up  to  whose  level  it  is  advisable  to 
build  the  backing  solid,  or,  at  all  events, 
to  bond  and  joint  it  in  such  a  manner  that 
Kg.  180.  ""    ^*  shall  be  capable  of  transmitting  a  hori- 

zontal thrust    Draw  F  T  horizontal;  then 
PT=-7071  OP. 

287.  BtaMiitr  •€  am  Vniaaded  Arch-Ring. — Before  the  centre  of 
an  arch  is  struck,  the  spandril  walls  (or  spandril  filling,  as  the  caae 
may  be)  should  be  built  to  such  a  height  that  the  part  of  the  arch- 
ring  near  the  crown,  which  is  left  for  the  time  unloaded,  shall 
fulfil  the  condition  of  stability  which  consists  in  having  the  line  of 
pressures  within  the  middle  third  of  its  thickness,  when  under  its 
own  weight  alone.  The  exact  investigation  of  this  question  is 
very  complex,  and  it  is  unnecessary  to  give  it  here  in  detail.  An 
approximation  sufficiently  accurate  for  practical  purposes  is  as 
follows : — 

Make  the  depth  qftJie  lowest  point  of  the  eostrados  of  the  unloaded 
arc  Mow  its  highest  point  a  mean  proportioned  between  the  thickness 
of  the  arch  and  the  radius  of  the  intradoe. 

That  is  to  say,  in  ^g,  180  (last  Article)  make 


PQ  =  ^JfA-AO  =  ^/  r-r^; (1.) 
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then  the  horizontal  line  Q  R  S  will  show  the  level  up  to  which  the 
spandril  walls  or  spandril  filling  are  to  be  built  before  the  centre  is 
struck. 

288.  €»rcalMr  Arch  Icm  than  a  QiMAraat.^ — In  this  case  the  rule 
of  the  preceding  article  is  to  be  applied  exactly  as  in  the  case  of  an 
arch  not  less  than  a- quadrant;  but  in  computing  the  horizontal 
thmsty  it  is  sufficient  to  take  the  weight  of  a  h^f-arch  with  its 
lockd,  and  multiply  by  the  co-tangent  <^  the  inclination  of  the 
intrados  to  the  horizon  at  the  springing. 

289.  Tto-Wails.  in  the  hollow  spandrils  of  arches,  are  transverse 
walls  at  right  angles  to  the  spandril  walls.  The  distance  from 
centre  to  centre  of  the  tie-walls  may  be  from  three  to  five  times 
the  distance  from  centre  to  centre  of  the  spandril  walls. 

290.  Depth  ^r  KeTrt«Be. — To  determine  with  precision  the 
depth  required  for  the  keystone  of  an  arch  by  direct  deduction 
from  the  principles  of  stability  and  strength,  would  be  an  almost 
impracticable  problem  from  its  complexity.  That  depth  is  always 
many  times  greater  than  the  depth  necessary  to  resist  the  direct 
crushing  action  of  the  thrust.  The  proportion  in  which  it  is  so  in 
some  of  the  best  existing  examples  has  been  calculated,  and  found 
to  range  from  3  to  70.  The  smaller  of  these  factors  may  be  held 
to  err  on  the  side  of  boldness,  and  the  latter  on  the  side  of  caution; 
good  medium  values  are  those  ranging  from  20  to  40.  The  best 
course  in  practice  is  to  assume  a  depth  for  the  keystone  according 
to  an  empirical  rule,  founded  on  dimensions  of  good  existing 
examples  of  bridges. 

The  following  is  such  a  rule : — 

For  the  depth  qftfie  keysUme,  take  a  mean  proparHoncU  hettoeen  the 
radius  of  curvcUure  of  the  intrados  a/t  the  croum,  and  a  constant, 
whose  values  are, 

for  a  single  arch, -la-  foot; 

for  an  arch  forming  one  of  a  series, '17     „ 

That  is  to  say,  in  symbols. 

Depth  of  keystone  for  a  single  arch, 

in  feet  =  ^/( -12  X  radius  at  crown) (1.) 

Depth  of  keystone  for  an  arch  of  a  series, 

in  feet  =  J  (17  X  radius  at  crown) (2.) 

The  foUowing  are  examples : — 
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BaDIUS  at        DsPTH  of  KXTROITB. 

Single  A&CHBS.  Crowm.     (klcolatad        Actml 

Feat  Feet  Feet 

Bridge  over  the  Severn,  at  Glouces- 
ter (by  Telford);  elliptic  arch; 
span  150  feet;  rise  35  feet, 1607        439  4*5 

Bridge  at  Turin,  over  the  Dora 
Biparia  (by  Mosca);  arch  seg- 
mental; span  147*6  feet;  rise 
18  feet, 160  438  49 

Grosvenor  Bridge,  over  the  Dee, 
at  Chester  (by  Hartley  and 
Harrison) ;  segmental  arch ;  span 
200  feet;  rise  42  feet, 140  4'i  4'0 

Ordinary  bridge  over  a  double  line 
of  railway;  elliptic  arch;  span 
30  feet;  rise  7  feet  6  inches, 30         1-9  1-83  to  2 

Abches  in  Seriks. 

Bridge    over    the    Thames,  near 

Maidenhead  (by  I.  K  Brunei); 

arch  (of  brick  in  cement)  nearly 

elliptic;   span    128    feet;    rise 

24-25,  169  536  525 

London  Bridge  (by  Sir  John  Ren- 

nie);    elliptic  arch;    span  152 

feet, 162  5-25  5-00 

Bridge  of  Neuilly  (by  Perronet); 

basket-handle    arch;    span    39 

metres  =  128  feet  nearly;  rise 

9-75  metres  =  32  feet  nearly,...        i59  5-20  5*13 

Bridge  of  St.  Maxence  (by  Pei> 

ronet);    segmental  arch;    span 

about  76-7  feet;  rise  about  6-4 

feet, 119  449  479 

Waterloo    Bridge    (by    Rennie); 

elliptic  arch;  span  120  feet;  rise 

32  feet, 112-5       4-37  B'oo     , 

Ballochmyle  Bridge,  over  the  Ayr, 

(by  MUler);  semicircular  arch; 

span  181  feet;  rise  90*5  feet,  ...        90-5        3-92  4-5 

Dean  Bridge,  near  Edinburgh ;  seg- 
mental arch;  span  90  feet;  rise 

30  feet, 48-75       2-88  300 
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It  is  evident  from  the  law  approximately  followed  by  the 
examples  in  the  preceding  table,  tnat  the  depth  required  for  the 
arch-ring  is  regulated  chiefly  by  the  necessity  for  providing  against 
deviations  of  the  line  of  pressures,  produced  by  temporary  partial 
loads;  and  because  such  loads  on  a  large  arch  are  less  as  compared 
with  the  weight  of  the  arch  itself  than  in  a  small  arch,  the  depth 
of  the  arch-stones  increases  more  slowly  than  the  general  dimensions 
of  the  arch — viz.,  proportionally  to  the  square  root  of  the  radius  at 
the  crown. 

The  prchahility  of  such  a  rule  being  found  to  answer  in  practice 
might  have  been  inferred  from  equation  38  A  of  Article  180,  p. 
^W,  by  assuming  that,  owing  to  the  plasticity  of  the  mortar,  the 
dead  load  of  the  arch,  there  denoted  by  w^,  produces  no  bending 
action  (which  is  equivalent  to  omitting  the  term  in  B);  and  then 
determming  the  depth  h  of  the  arched  rib  so  that  the  tension  j/^ 
shall  be  =  0,  the  arch  being  considered  as  sensibly  flexible  between 
the  joints  of  rupture  cndy.  This  last  condition  makes  the  rise  h 
of  lie  sensibly  flexible  part  of  the  arch  equal  to  a  certain  fraction  of 
the  radius  at  the  crown;  say  n  r,  so  that  the  equation  referred  to 
is  reduced  to  the  following : — 

0-138— ?^-7T  —  —  =  0. 
iD^q  h      nr 

But  ^  =  ^;  and  to  -^  Wq,  which  expresses  the  ratio  of  the 
intensity  of  the  external  load  to  the  weight  of  the  arch  itself,  may 
be  replaced  by  /*'  -a-  A;  A  being  the  required  depth  of  keystone, 
and  h'  the  depth  of  the  same  material  which  is  equivalent  to  the 
external  load.     The  equation  thus  becomes, 

0-828^— -   =0;  or 
h^       nr 

A2  =  -828  n  K  r  j (3.) 

that  is  to  say,  for  eqmUy  iniense  external  hade,  and  eqtial  angles  of 
rupture,  the  square  of  ^  thickness  of  the  keystone  should  vary  as 
the  radius  of  the  intrados;  being  very  nearly  the  rule  deduced 
empirically  from  practical  example&  The  co-efficients  '12  and  -17 
in  equations  1  and  2  correspond  to  the  &ctor  *828  n  h'  in  equation 
3.  It  is  probable  that  the  necessity  for  a  larger  co-efficient  in  the 
case  of  an  arch  which  forms  one  of  a  series  arises  from  the  fJEtct, 
that  when  one  arch  of  a  series  is  loaded  externally,  and  the 
adjoining  arches  unloaded,  the  piers  yield  slightly,  so  as  to  lower 
the  position  of  the  joints  of  rupture. 

291.  An  AbatBieBt  In  Badiaiiag  Cmmnm  forms  in  truth  a  con- 
tmnation  of  the  arch,  and  is  the  strongest  and  most  stable  kind  of 
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abiitment  where  the  foundation  is  firm,  and  the  height  from  which 
the  arch  springs  is  moderate.  One  of  the  best  examples  is  the 
Grosvenor  Bridge  at  Chester.  The  real  faoe  of  sach  an  abutment 
is  a  continuation  of  the  intrados  of  the  arch,  and  its  back  is  a  con- 
tinuation of  the  extrados  of  the  solid  spandril  backing,  which 
ought  to  be  built  in  radiating  courses  also;  but  the  custom  is,  in 
violation  of  good  taste,  to  disguise  the  real  structure  bj  means  oi  a 
casing  of  masonry  with  vertical  and  horizontal  joints. 

292.  Vertical  AbatncBta  depend  for  their  stability  on  the  same 
principles  which  regulate  that  of  buttresses,  and  which  have  been 
fully  explained  in  Articles  263  and  264,  pp.  396  to  401.  The 
points  to  be  chiefly  attended  to  are,  that  if  there  is  any  horizontal 
thrust  through  the  spandril,  the  part  of  the  abutment  above  Hie 
springing  of  the  arch  shall  have  sufficient  weight  to  resist  by 
friction  the  tendency  to  sliding  produced  by  that  thrust;  tbat 
above  the  bed-joint  next  below  the  s])ringing  of  the '  arch,  the 
weight  of  matenAl,  including  that  of  the  half-arch  itself  with  its 
load,  shall  produce  friction  enough  to  resist  the  whole  thrust  of 
the  arch,  whether  exerted  through  the  spandrils  or  at  the  spring- 
ing; and  that  the  centre  of  resistance  at  the  base  of  the  abutment 
shall  not  deviate  from  the  centre  of  the  base  by  more  than  the 
proper  fraction,  1  :  ^,  of  the  thickness  of  that  base.  (See  Article 
263,  p.  396,  and  Article  179,  pp.  294,  295.) 

It  is  highly  advantageous,  in  point  both  of  stability  and  economy, 
to  build  abutments  with  hollows  in  them,  or  with  narrow  arch- 
ways passing  through  them,  perpendicular  to  the  main  archways 
which  the  abutments  support.  These  archways  should  have  in- 
verted arches  at  the  bottom,  to  distribute  the  load  over  as  large  a 
base  as  possible.  The  hollows  or  archways  may  occupy  about  one- 
third  of  the  whole  volume  of  the  abutment. 

When  an  arch,  as  in  fig.  179,  p.  421,  has  a  joint  of  rupture  such 
as  C,  the  part  of  the  arch  below  that  joint,  together  with  its 
spandril  backing  and  the  load  directly  resting  on  it,  may  be 
considered  as  forming  part  of  the  abutment. 

In  some  of  the  best  examples  of  bridges,  the  thickness  of  the 
abutments  ranges  from  ane-ihird  to  one-Jlfth  of  the  radius  of 
curvature  of  the  arch  at  its  crown. 

293.  Pien  •{  Arciies. — Each  pier  of  a  series  of  arches  ought  to 
have  sufficient  stability  to  resist  the  thrust  which  acts  upon  it 
when  one  only  of  the  arches  which  spring  from  it  is  loaded  with 
a  travelling  load.  That  thrust  may  be  roughly  computed  by 
multiplying  the  travelling  load  per  lineal  foot  by  the  radius  of 
curvature  of  the  intrados  at  its  crown  in  feet. 

Each  pier  should  always  give  sufficient  space  on  its  top  for  the 
two  arches  to  spring  from. 
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lather  of  these  rules  gives  in  general  a  less  thickness  than  those 
adopted  for  piers  in  practice,  which  range  from  one-tenth  to  one- 
fourth  of  the  span  of  the  arches;  the  latter  thickness,  and  those 
approaching  to  it,  being  suitable  for  "  ahutment-piera"  The  most 
common  thickness,  for  ordinary  piers,  is  from  one-sixth  to  one- 
seventh  of  the  span  of  the  arches. 

Piers,  like  abutments,  are  advantageously  lightened,  especially 
when  very  lofty,  as  in  viaducts,  by  being  built  hollow,  or  by  hav- 
ing archways  traversing  them,  with  inverted  arches  at  the  base. 

294.  Rlkb«d  Ajrehmm,  AbBtMeBto,  watd  Pien.^ — Arches  and  their 
abutments  and  piers  may  be  made  at  once  light  and  stiff,  by 
building  them  in  parallel  deep  ribs,  with  thinner  portions  of 
masonry  between  them;  but  this  of  course  involves  additional 
workmanship. 

295.  Skew  ArciMs  are  of  figures  derived  from  those  of  symmetri- 
cal arches  by  distortion  in  a 
horizontal  plane.  The  eleva^ 
tion  of  the  face  of  a  skew  arch, 
and  every  vertical  section  par- 
allel to  its  face,  being  similar 
to  the  corresponding  elevation 
and  vertical  section  of  a  sym- 
metrical arch,  the  forces  which 
act  in  a  vertical  layer  or  rib 
of  a  skew  arch  with  its  abut- 
ments, ai'e  the  same  with  those 
which  act  in  an  equally  thick 
vertical  layer  of  a  symmetrical 
arch  with  its  abutments,  of  the 
same  dimensions  and  figure,  and 
similarly  and  equally  loaded. 

Fig.  181  represents  a  plan  of  a  skew  arch,  with  counterforted 
abutments.  The  cmgle  of  skew,  or  obliquity ,  is  the  angle  which  the 
axis  of  the  archway,  A  A,  makes  with  a  perpendicular  to  the  isxiB 
of  the  arch,  B  C  A  B.  The  span  of  the  archway,  *'on  the  square*^ 
as  it  is  called  (that  is,  the  perpendicular  distance  between  the  abut- 
ments), is  less  than  the  span  on  the  skew,  or  parallel  to  the  face  of 
the  arch,  in  the  ratio  of  the  cosine  of  the  obliquity  to  unity.  It 
is  the  span  on  the  skew  which  is  equal  to  that  of  the  corresponding 
^mmetrical  arch. 

The  best  position  for  the  bed-joints  of  the  arch-stones  is  perpen- 
dicular to  the  thrust  along  the  arch.  If,  therefore,  there  be  dmwn 
on  the  sofi&t  of  a  skew  arch,  a  series  of  parallel  curves,  made  by  the 
intersections  of  the  soffit  with  vertical  planes  parallel  to  the  fisu» 
of  the  arch,  the  best  forms  for  the  bed-joints  will  be  a  series  of 
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curves  drawn  on  the  soffit  of  the  arch  so  as  to  cat  the  whole  of  the 
fonuer  series  of  curves  at  right  angles,  such  as  C  C  in  figs.  181  and 
182.  Joints  of  the  best  form  being  difficult  to  execute,  spiial 
joints  are  used  in  practice  as  an  approximatioiL 

Preparatoiy  to  the  execution  of  a  skew  arch,  a  large  drawing  of 
the  soffit  must  be  prepared,  showing  the  exact  figure  and  positioii 
of  every  arch-stone.  That  drawing  represents  the  curved  sur&ce 
of  the  soffit  as  if  it  were  spread  outJUu,  and  is  called  the  "  devdop- 
merU "  of  that  curved  surface.  In  general  it  is  sufficient  to  draw 
one-half  of  the  soffit,  the  other  half  being  similar.  The  following 
are  the  processes  by  which  that  drawing  is  prepared : — 

I.  To  draw  tU  devdopmerU  of  the  soffit,  <md  qfiU  vertical  ^fedums 
on  the  skew.  Fig.  183,  No.  2,  represents  a  plan  of  one  half  of  the 
arch,  H  A  K  being  the  crown  of  the  soffit,  and  I  B  L  the  &ce  of 
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one  of  the  abutments.  The  line  A  C  B  represents  the  position  of 
a  vertical  section  on  the  skew,  and  A  E  D,  perpendicular  to  H  K, 
that  of  a  vertical  section  on  the  square:  -^  B  A  D  being  the  angle 
of  obliquity. 

Assume  any  convenient  number  of  points  in  H  I,  through  which 
draw  a  set  of  lines  (such  as  E  C  E  G)  ||  H  K,  and  also  a  set  of 
lines  J-  H  I.  Draw  O  B  ||  H  I,  cutting  these  lines;  and  on  0  B 
as  half-span,  construct  the  vertical  section  of  the  arch  on  the  skew, 
represented  by  No  1,  in  which  A  C  B  is  the  line  on  the  soffit  cor- 
responding to  A  C  B  in  No.  2. 

Construct  the  vertical  section  on  tfte  square,  No.  3,  by  drawing 
O  D  II  A  D  to  represent  the  half-span  on  the  square,  and  trans- 
ferring the  ordinates  of  No.  1  to  the  con-esponding  points  in  No. 
3  j  for  example,  F  C  to  G  K 

Then  construct  the  development  No.  4  in  the  following  manner: 
— Produce  the  centre  line  of  the  soffit,  HAKAOHAK. 
From  any  convenient  point  A,  No.  4,  draw  A  E  D  -L  H  K,  in 
which  take  distances  A  E,  A  D,  &a,  equal  in  length  to  the  arcs 
A  E,  A  D,  &a,  which  are  cut  off  on  the  curve  A  E  D,  No.  3,  by 
its  several  ordinates.  Then  will  the  straight  line  A  E  D,  No.  4, 
be  the  development  of  the  section  on  the  square,  A  E  D,  Nos.  2  and 
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3.  Throtigli  the  points  of  division  of  A  £  D,  No.  4,  draw  lines 
parallel  to  H  K,  such  as  E  C,  I  D  B  L,  tc,,  on  which  lay  off 
ordinates,  such  as  E  C,  D  B,  6ai,,  equal  respectively  to  the  corre- 
sponding ordinates,  E  C,  D  B,  &c.,  in  the  plan,  No.  2,  and  through 
the  ends  of  those  ordinates  draw  a  curve  A  C  B,  No.  4 ;  this  mil 
be  the  development  of  the  vertical  section  on  the  skeWy  A  C  B, 
Nos.  1  and  2. 

Draw  also  the  curves  H  I,  K  L  parallel,  similar,  and  equal  to 
A  C  By  and  at  distances  from  it  on  either  side,  H  A  =  A  K,  of 
half  the  length  of  the  archway.  Then  I  H  K  L  will  be  the 
development  of  half  the  soffit  Draw  I  M  and  L  N  perpendicular 
to  I  L;  then  M  I  L  N  will  be  the  development  of  part  of  the  fiace 
of  an  abutment.  Draw  also  any  convenient  number  of  intermedi- 
ate curves,  such  as  those  shown  by  dots,  parallel,  similar,  and 
equal  to  A  C  B,  to  represent  the  development  of  several  paraUel 
skew  vertical  sections  of  the  soffit,  and  to  indicate,  at  the  same 
time,  the  direction  of  the  thrust  at  each  point  which  they  traverse. 
These  may  be  called  "  curves  of  pressv/re.**  , 

II.  To  draw  on  the  devdopmerU  of  the  soffit,  the  bedjoirUs  and 
sidejoints  of  true  courses.  The  bed-joints  are  drawn  by  sketching 
with  the  free  hand  a  series  of  curves,  cutting  all  the  ciurves  of 
pressure  at  right  angles,  and  called  the  orthogonal 
trajectories  of  the  curves  o/pressure.  The  side-joints, 
being  perpendicular  to  the  bed-joints,  are  parts  of 
curves  of  pressure  themselves.  (See  fig,  184.)  The 
courses  become  thinner  towards  the  acute  angle 
of  the  abutment,  and  thicker  towards  the  obtuse 
angle,  so  that  it  may  be  sometimes  advisable  to  -m    -itu 

introduce  intermediate  bed-joints  near  the  obtuse  *' 

angle,  as  shown  near  L  in  ^g.  184.  In  the  illustrations,  the 
arch  springs  vertically  from  the  abutments,  so  that  none  of  the 
bed-joints  intersect  the  line  of  springing,  I  L,  to  which  they  are 
all  asymptotes.  Had  the  arch  been  segmental,  some  of  the  bed- 
joints  would  have  intersecfbM  that  line  obliquely,  making  necessaiy 
the  use  of  skew-backs  of  the  kind  shown  in  the  next  figure,  but 
not  so  oblique. 

III.  To  droM,  on  the  development  of  the  sqffU,  the  bed-joints  and 
side-joints  of  spiral  courses.  (See  ^g,  185.)  On  the  development 
of  the  soffit,  draw  a  series  of  parallel  equidistant  straight  lines, 
perpendicular  to  the  direction  of  the  thrust  at  the  crown  of  the 
arch;  these  will  represent  the  bed-joints,  and  the  side-joints  will 
be  perpendicular  to  them.  Between  I  and  L  are  shown  the  skew- 
had:8,  or  stones  which  connect  the  slanting  courses  of  the  arch  with 
the  horizontal  courses  of  the  abutment. 
Spiral  courses  are  perpendicular  to  the  thrust  at  the  crown  of 
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the  arch  only,  and  become  more  and  more  oblique  to  it  the  nearer 
they  are  to  the  springing. 

296.  RiMed  Skew  Arcik — ^A  substitute  for  an  ordinary  skew 
arch  is  sometimes  composed  of  a  series  of  ribs  placed  side  by  side, 


ioy 


Fig.  186. 


iFlg.  186. 


as  in  fig.  186.  This  mode  of  construction  contracts  the  span  on  the 
Mqiuire  as  compared  with  that  of  an  ordinary  skew  arch  haying 
the  same  span  an  tfu  akeWy  by  the  following  quantity : — 

Let  a  denote  the  projection  of  each  rib  of  the  abutment  beyond 
the  preceding  rib; 

b,  the  breadth  of  a  rib;  then 

2ah 

contraction  of  span  on  the  square  :=     - — (1.) 

fja^  —  6* 

If  the  span  on  the  sqwvre  has  already  been  fixed,  the  sfan  <m  the 
skew  for  a  ribbed  arch  is  to  be  made  greater  than  that  for  a 
common  skew  arch,  simply  by  the  projection  a  of  a  nb  of  the 
abutment. 

297.  SireBgtli  •€  S««Me  aad  Brick  Arches. — A  well-designed  stone 
or  brick  arch  of  sufficient  stability  has  usually  a  great  surplus  of 
strength.  In  the  case,  however,  of  a  proposed  arch  of  unusual 
dimensions  or  figure,  especially  if  the  material  is  comparatively 
weak,  it  is  advisable,  a^r  the  figure  and  dimensions  have  been 
planned  with  a  view  to  stability,  to.  test  whether  the  strength 
is  likely  to  be  sufficient.  This  may  be  done  with  a  sufficiently 
close  approximation,  by  the  aid  of  equations  30,  36,  and  37  of 
Article  180,  p.  3TO,  by  making  the  following  substitutions: — 

Cask  L  Ina  transformed  Catena^  Arch,  or  a  circular  se^meni  of 
less  than  a  quadrant;  make 

A'  =  depth  of  arch-stones  at  springing  X  cos  *  inclination  of  arcb 
at  that  point; 

1       »        1     7                  2.        • 
and  consequently,  B  =  jg-^  ^1  +  -3^; (1) 
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r,  =  |(l+B)(l-^); (2.) 

also,  considering  a  rib  of  a  foot  iq  bread tb,  make  Aj  =  A';  for  to^ 
put  the  dead  load  in  lb&  per  square  foot  of  platform  cU  the  croum  of 
the  arch,  and  for  to  tbe  rolling  load  in  lb&  per  square  foot  of  plat- 
form. 

Case  II.  In  hydroiUUic,  elliptic,  and  semicircular  arches,  and 
circular  segments  greater  iJum  a  quadrant^  make  I  =  tbe  span,  and 
h  =  the  rise,  of  tiie  part  of  tbe  arcb  lying  between  the  two  joints 
wbich  make  angles  of  45^  with  the  horizon.  In  hydrostatic  and 
elliptic  arches,  make  h'  =  thickness  of  arch-ring;  in  circular  arches, 
make  h'  =  thickness  at  the  joints  first  mentioned  X  '707.  Then 
proceed  in  other  respects  as  in  Case  I. 

In  all  cases  omit  the  term— 3-7 — 7^  ^^^  .,  and  substitute  for 

o  Ai  (1  +  B)  k 

it  H  -s-  h\  H  being  the  horizontal  thrust  as  found  by  the  methods 

of  Articles  132  to  138,  pp.  202  to  218,  Article  286,  pp.  423,  424, 

and  Article  288,  p.  425,  for  a  rib  one  foot  in  breadth. 

Equation  37,  giving  the  greatest  intensity  of  thrust,  p^,  in  lbs.  an 

the  square  foot,  thus  becomes 

When  h'  -f-  k,  and  consequently  B,  are  small  fractions,  so  that 
2 
r j^  =  ^  nearly,  the  following  formula  may  be  used : — 

Pi  =  J  +  2^>,-  { B «>o  +  0-207 to] (3  a.) 

When,  on  the  other  hand,  (1  +  B)  .i-  fl  — -.A  is  equal  to  or 
greater  than  g,  so  that  r^  =  1,  the  following  formula  is  to  be  used : — 

^  =  ?  +  2X4  m  +  «-2««  -  } <3  ^^ 

In  transformed  catenarian  and  circular  s^mental  arches,  an  ap- 
proximation to  uniformity  of  strength  may  be  obtained  by  making 
the  depth  of  each  voussoir  proportional  to  the  secant  of  the  in- 
clination of  its  bed  to  the  vertical. 

297  A.  VB«k»rgMWi4i  Archway*— THMneb—Calveru.^ — If  the  depth 
of  a  buried  archway,  such  as  a  tunnel  or  culvert,  beneath  the  sur&ee 
of  the  ground,  is  great  compared  with  the  height  of  the  archway, 
the  proper  fonn  for  the  line  of  pressures,  which  must  lie  within  the 

2f 
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middle  third  of  the  thickness  of  the  arch,  is  the  elliptic  linear  arcii 
of  Article  134,  p.  dOd*,  in  which  the  ratio  of  the  horizontal  to  the 
vertical  semi-axis  is  the  square  root  of  the  ratio  of  the  horizontal 
to  the  vertical  pressure  of  the  earth;  that  is  to  say, 


horizontal  semi-axis 


?='=V?.=VG?SI)'<'-) 


vertical  semi-axis 

0  being  the  angle  of  repose. 

If  the  earth  is  firm,  and  little  liable  to  be  disturbed,  the  propor- 
tion of  the  half-span,  or  horizontal  semi-axis,  to  the  rise,  or  vertical 
semi-axis,  may  be  made  greater  than  is  given  by  the  preoedin^ 
equation,  and  the  earth  will  still  resiist  the  additional  horizontal 
thrust;  but  that  proportion  should  never  be  made  less  than  the 
value  given  by  the  equation,  or  the  sides  of  the  archway  will  be  in 
danger  of  being  forced  inwards. 

In  a  drainage  tunnel  or  culvert  the  entire  ellipse  may  be  used  as 
the  figure  of  the  arch ;  but  in  a  railway  tunnel,  where  it  is  neces- 
sary to  have  a  flat  floor,  the  sides  and  roof  of  the  tunnel  comprise 
in  height  the  upper  two-thirds,  or  three-fourths,  of  the  elHpee, 
which  is  closed  below  by  a  circular  segmental  inverted  arch  of 
slight  curvature,  its  depression  being  one-eighth  of  its  span,  or 
thereabouts.  By  this  mode  of  construction  ^e  vertical  pressnre 
of  the  sides  of  the  tunnel  is  concentrated  upon  foundation  courses 
directly  below  them,  from  which  they  spring.  The  ratio  which 
the  entire  width  of  the  tunnel,  measured  outside  the  masomy  or 
brickwork,  bears  to  the  joint  width  of  that  pair  of  foundations, 
must  not  exceed  the  limit  of  the  ratio  of  the  weight  of  a  building 
to  the  weight  of  earth  displaced  by  it,  as  given  by  Article  237, 
equation  1,  p.  379.  The  inverted  arch  serves  to  prevent  the 
foundations  of  the  sides  of  the  tunnel  from  being  forced  inwards  by 
the  horizontal  pressure  of  the  earth. 

The  exact  form  for  the  line  of  pressures  in  the  sides  and  roof  of 
a  tunnel  is  the  geostatic  arch  of  Article  137,  pp.  212,  213.  This 
principle  requires  attention  when  the  roof  of  the  tunnel  is  neai*  the 
surface.  Let  Xq  be  the  depth  of  the  crown  of  the  tunnel,  and  x^ 
that  of  its  greatest  horizontal  diameter,  beneath  the  sur&ce.  From 
those  ordinates  as  data,  design  a  kydrostcUic  a/rch,  by  the  aid  of  the 
formulae  (12)  of  Article  136,  p.  211;  contract  the  horizontal 
ordinates  of  that  arch  in  the  ratio  c  :  1  (see  equation  1,  above);  and 
the  result  will  be  the  figure  of  the  geostatic  arch  required. 

The  greatest  intensity  of  pressure  in  a  buried  archway  occurs 
usually  in  its  sides,  at  the  ends  of  the  shorter  diameter  of  the  oval 
intrados;  and  that  intensity  is  given' approximately  by  the  follow- 
ing equation.  Let  a^  be  the  depth  of  the  shorter  diameter  below 
the  8ur£Etce  of  the  ground,  6'  the  half-span  of  the  archway,  a'  its 
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rise,  t  the  thickness  of  its  side,  to  the  weight  of  a  cubic  foot  of  the 
eari^li  j  then  the  greatest  pressure,  in  lbs,  on  the  square  foot,  is 

^—  i  ' ^^'^ 

and  this  should  not  exceed  the  resistance  of  the  material  to  crush- 
ing, divided  by  a  proper  factor  of  safety. 

It  appears  that  in  the  brickwork  of  various  existing  tunnels,  the 
&ctor  of  safety  is  as  low  sa/our.  This  is  suflSident,  because  of  the 
steadiness  of  the  load ;  but  in  buried  archways  exposed  to  shocks, 
like  those  of  culverts  under  high  embankments,  the  factor  of  safety 
should  be  greater;  say  from  eight  to  ten. 

Bow  small  soever  the  load  may  be,  there  is  a  certain  minimum 
tliickness  for  an  underground  archway,  for  determining  which 
the  following  empirical  rule,  exactly  similar  to  that  for  find- 
ing the  depth  of  the  keystone  of  an  arch,  has  been  deduced  from 
practical  examples.  The  rise  and  half-span  being  denoted  as 
before  by  a'  and  b\  compute  approximately  the  longest  .radius  of 
curvature  of  the  intrados  by  the  formula 

r=Y> (3.) 

then 

least  thickness  t  in  feet=  J  012  r. (4.) 

This  is  applicable  where  the  ground  is  of  the  firmest  and  safest 
kind.  In  soft  and  slippery  materials,  the  thickness  ranges  from  once 
and  a-hcd/ix)  double  that  given  by  equation  4 ;  that  is  to  say. 


fix)m  J  0-27  r  to  ^  048  r. (4  a.) 

The  thickness  of  an  underground  arch  at  the  crown  may  be  made 
less  than  at  the  sides  in  the  ratio  U  :  a';  but  the  more  common 
practice  is  to  make  it  uniform. 

As  to  the  precautions  to  be  observed  in  embanking  over  and 
near  archways,  see  Article  201,  p.  341. 

298   TaMe  •£  C«-OTdiMtc«  ami   Slaipea  af  Calrauurlaa  Carres. — 
(See  Article  131,  pp.  200,  201,  and  Article  282,  p.  418.) 
Let  m  denote  the  modulus,  or  parameter; 

y^f  the  ordinate  from  the  directrix  to  the  crown; 

X,  any  abscissa,  measured  horizontally  from  the  crown ; 

y,  the  corresponding  ordinate  from  the  directrix; 

-j^  the  tangent  of  the  slope  of  the  curve  at  the  end  of  that 

ordinate. 
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m 

JL 

mi. 

m 

JL 

md9 

m 

H 

9od* 

m 

99 

9^dx 

o 

I'OOOO 

•0000 

1-6 

3-5774 

3*3755 

o-a 

I '0200 

•2013 

1*8 

3-1074 

2-9421 

04 

I '08 10 

•4107 

2-0 

37622 

3-6269 

06 

1 1854 

•6366 

2-2 

4-5<579 

4-4571 

08 

1-3373 

•8880 

3-4 

55569 

5-4662 

I'O 

1-5431 

II752 

2-6 

67690 

66947 

I -a 

I -8106 

1-5094 

2-8 

82526 

8-1918 

14 

a'i509 

1-9043 

3-0 

10-0676 

10-0178 

To  interpolate  the  ordinate  y  db  v  corresponding  to  an  inta^ 
mediate  abscLssa  x  z±z  u.  when  -^  oorreBponds  to  —  in  the  table; 
make 

y=fa<^_  y  (it  ^^   »    «*  \^^^y  (^4.  ^\  n\ 

This  computation  is  to  be  performed  by  addition  to  the  number 
next  below  in  the  table,  or  by  subtraction  from  the  number  next 
above,  according  as  the  intermediate  absdasa  lies  nearer  to  the  one 
next  below  it  or  to  that  next  above  it 

When  veiy  great  precision  is  not  required,  the  terms  in  u?  and 
u^  may  be  neglected;  but  those  in  u  and  u^  should  always  be  com> 
puted.  The  greatest  possible  error  within  the  limits  of  the  table, 
by  using  equation  1  as  it  stands,  is  about  -00005;  by  neglecting  «* 
and  u^,  that  limit  of  error  is  increased,  for  the  greatest  interme£ate 
ordinate  in  the  table,  to  about  -0015. 

298  A.  l^iat  •€  Aatli«riilM  •■  VKmrnvmrj, — (Stones,  Limes,  and 
Cements) — Berthier,  TraiUi  des  Essais  'pw  la  Voie  skhe;  Vicat, 
Traite  des  Jfortiera;  Pasley  on  Cements  and  Mortars,  (Masoniy  in 
general) — Rondelet,  TraiU  de  VAH  de  BdUr;  Qauthey,  TraiUde 
la  ConstruoHon  des  Fonts;  Tredgold  on  Masonry  {Encye,  BriL) 


437 


CHAPTER  IV. 

OF  CABPEMTST. 

SscnoK  L— Q/  TinAw. 

299.  fltracime  •f  T^mAm. — ^Timber  is  the  mateTial  of  trees  be- 
longing almost  exclusiyelj  to  that  class  of  the  T^;etable  kingdom 
in  which  the  stem  grows  by  the  formation  of  successiye  layers  of 
w^ood  all  over  its  external  surface,  and  is  therefore  said  by  botanists 
to  be  exogeruma. 

The  exceptions  are,  trees  of  the  palm  &mily,  and  tree-like 
grasses,  such  as  the  bamboo,  which  belong  to  the  endogenous  class; 
so  called  because,  although  the  stem  grows  partly  by  the  formation 
of  layers  of  new.  wood  on  its  outer  surface,  the  fibres  of  that  new 
wood  do  nevertheless  cross  and  penetrate  amongst  those  previously 
formed  in  such  a  manner  as  to  be  mixed  with  them  in  one  part  of 
their  course,  and  internal  to  them  at  another. 

The  stems  of  endogenous  trees,  though  light  and  tough,  are  too 
flexible  and  slender  to  furnish  materials  suitable  for  important 
works  of  carpentry.  They  will  therefore  not  be  further  mentioned 
in  this  section  except  to  refer  to  the  tables  at  the  end  of  the 
volume  for  the  tenacity  and  heaviness  of  bamboo. 

The  stem  of  an  exogenous  tree  is  covered  with  bark,  which  grows 
by  the  formation  of  successive  layers  on  its  inner  surface,  at  the 
same  time  that  the  wood  grows  by  the  formation  of  successive 
layers  on  its  outer  surface.  This  double  operation  takes  place  in 
the  narrow  space  between  the  previously-formed  wood  and  bark, 
during  the  circulation  of  the  sap.  The  sap  ascends  from  the  roots 
to  the  leaves  through  vessels  contained  in  the  outer  layers  of  the 
wood;  at  the  surface  of  the  leaves  it  acquires  carbon  from  the 
atmosphere,  and  becomes  denser,  thicker,  and  more  complex  in  its 
composition;  it  then  descends  from  the  leaves  to  the  roots  through 
vessels  contained  chiefly  in  the  innermost  layers  of  the  bark.  It  is 
believed  that  the  formation  of  new  wood  and  bark  takes  place 
either  wholly  or  principally  from  the  descending  sap. 

The  circulation  of  the  sap  is  either  wholly  or  partially  suspended 
during  a  portion  of  each  year  (in  tropical  climates  during  the  dry 
season,  and  in  temperate  and  polar  climates  during  the  winter); 
and  hence  the  wood  and  bark  are  usually  formed  in  distinct  layers, 
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at  the  rate  of  one  layer  in  eacli  year ;  but  this  mle  is  not  miiveiaL 
Each  such  layer  consists  of  parts  differing  in  density  and  colour  to 
an  extent  which  varies  in  different  kinds  of  trees. 

The  tissues  of  which  both  wood  and  bark  consist  are  distin- 
guished into  two  kinds — cdltUar  Hssus,  consisting  of  clusters  of 
minute  cells;  and  vascular  tisms,  or  woody  Jibrs,  consisting  of 
bundles  of  slender  tubes;  the  latter  being  distinguished  from  the 
former  by  its  fibrous  appearance.  The  difference,  however,  between 
those  two  kinds  of  tissue,  although  very  distinct  both  to  the  eye 
and  to  the  touch,  is  really  one  of  degree  rather  than  of  kind;  for 
the  fibres  or  tubes  of  vascular  tissue  are  simply  very  much  elongated 
cells,  tapering  to  points  at  the  ends,  and  "  breaking  joint"  with 
each  other. 

The  tenacity  of  wood  when  strained  ''  along  the  grain**  depends 
on  the  tenacity  of  the  walls  of  those  tubes  or  fibres;  the  tenacity  of 
wood  when  strained  '' across  the  grain"  depends  on  the  adhesion  of 
the  sides  of  the  tubes  and  cells  to  each  other.  Examples  of  the 
difference  of  strength  in  those  different  directions  will  be  given 
afterwards. 

When  a  woody  stem  is  cut  across,  the  cellular  and  vascular  tissue 
are  seen  to  be  arranged  in  the  following  manner : — 

In  the  centre  of  the  stem  is  the  pUh,  composed  of  cellular  tissue, 
enclosed  in  the  medullary  sheath,  which  consists  of  vascular  tissue 
of  a  particular  kind.  From  the  pith  there  extend,  radiating 
outwards  to  the  bark,  thin  partitions  of  cellular  tissue,  called 
meduUaay  rays;  between  these,  additional  medullary  rays  extend 
inwards  from  the  bark  to  a  greater  or  less  distance,  but  without 
penetrating  to  the  pith. 

When  the  medidlary  rays  are  large  and  distinct,  as  in  oak,  they 
are  called  "  silver  grain.^ 

Between  the  medullary  rays  lie  bundles  of  vascular  tissue,  form- 
ing the  woody  fibre,  arranged  in  nearly  concentric  rings  or  layers 
round  the  pith.  These  rings  are  traversed  radially  by  the 
medullary  rays.  The  boundaty  between  two  successive  rings 
is  marked  more  or  less  distinctly  by  a  greater  degree  of  porosity, 
and  by  a  difference  of  hardness  and  colour, 

The  annual  rings  are  usually  thicker  at  that  side  of  the  tree 
which  has  had  most  air  and  sunshine,  so  that  the  pith  is  not 
exactly  in  the  centre. 

The  wood  of  the  entire  stem  may  be  distinguished  into  two 
parts — ^the  outer  and  younger  portion,  called  "sap-toood"  being 
softer,  weaker,  and  less  con^pact,  and  sometimes  lighter  in  colour, 
than  the  inner  and  older  portion,  called  "  heart-wood,"^  The 
heart-wood  is  alone  to  be  employed  in  those  works  of  carpentiy 
in  which  strength  and  durability  are  required.     The  boundary 
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l>etween  the  sap-wood  and  the  heart-wood  is  in  general  distinctly- 
marked,  as  if  the  change  from  the  former  to  the  latter  occurred  in 
tJbe  course  of  a  single  year.  The  following  examples  of  the  pro- 
portion of  sap-wood  to  the  entire  volume  are  given  on  the  authority 
of  Tredgold.     {Frinciplea  of  CcMrpentry,  Section  X.) 

ThicbiMB    Froportioa 
t^^  Age.        Diameter.       Bingsof        of  ofSap- 

Tean.         Inches.       Sap-wood.  Sap-wood,      wood  to 

Inches,    whole  Trunk. 

Chestnut, 58 

Oak, 65 

Scotch  Fir, ? 

The  following  data  are  given  on  the  authority  of  Mr.  Bobert 
Murray,  C.E.     {Enct/c  Brit,,  Article  "  Timber.") 

T^  Rings  of 

^"^  Sap-wood. 

English  Oak  {Qtiercus  pechmetdcUa), 12  to  15          • 

Durmast  Oak  (Qiearcti^  «69«tZt/^a), 20  to  30 

Chestnut  {Caskmea  Veaca), 5  or    6 

'ELm{Ulmus  ccmvpestrisY about  10 

Larch  (Zaruc -^wropcBa), „     15 

Scotch  Fir  (Pint«  ay/res^m), „     30 

Memel  Fir  \Pinu8  aylvestris), „     44 

Canadian  "JTellow  Pine  {Pinua  v(vriabiLi8\ „     42 

The  structure  of  a  branch  ia  similar  to  that  of  the  triipk  from 
i^liich  it  springs,  except  as  regards  the  difference  in  the  number  of 
ftTinual  rings,  corresponding  to  the  difference  of  age.  A  branch 
becomes  par<nally  imbedded  in  those  layers  of  the  trunk  which  are 
formed  after  the  time  of  its  first  sprouting;  it  causes  a  peif oration 
in  those  layers,  accompanied  by  diistortion  of  their  fibres,  and  con- 
stitutes what  is  called  a  knot  (On  various  mattera  mentioned  in 
this  Article,  see  Balfour's  MarmcU  of  Botany^  Fart  I.,  chaps. 
L  and  iL) 

300.   TlMber  Tmm  ClaaMd— Flv^w««d— Hardw«o4. — For  purposes 

of  carpentry  trees  may  be  classed  according  to  the  mechanical 
structure  of  the  wood.  It  has  already  been  stated  that  the 
botanical  classes  of  Endogens  and  Exogens  correspond  to  esseQtial 
differences  of  mechanical  structure. 

In  further  dividing  the  class  of  Exogenous  trees,  or  timber-trees 
proper,  according  to  the  structure  of  the  wood,  a  division  into  two 
classes  at  once  suggests  itself,  which  exactly  corresponds  with  a 
botanical  division,  viz. ; — 
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yig  wi,  oomprising  all  timber-treeB  belonging  to  the  ooQ]l«n» 
order;  and 

Mm*w»  oomprising  all  other  timber-treeoL 

Beyond  tlus  primary  diviaaon,  the  place  of  a  tree  in  the  botani- 
cal Bystem  has  little  or  no  connection  with,  the  stmctiue  of  its 
timber. 

A  classification  of  timber  according  to  its  mechanical  struoiure 
was  proposed  by  Tredgold,  founded,  in  the  first  place,  on  the 
greater  or  less  distinctness  of  the  medullary  rays;  and  secMMUy, 
on  the  greater  or  less  distinctness  of  the  annual  rings.  According 
to  that  classification,  fir-wood,  or  coniferous  timber,  is  placed  in  the 
same  class  with  hardwood  that  has  the  medullary  rays  indistinct ; 
and  this  is  certainly  a  fault  in  the  system.  If,  howerer,  fir-wood 
be  placed  in  a  class  apart,  Tredgold*s  system  may  Yery  well  be 
applied  to  divide  and  subdiyide  the  class  of  hardwood;  but  it  is 
to  be  observed,  that  the  characters  on  which  that  system  is 
founded,  being  mere  differences  in  degree,  and  not  in  kind,  are  not 
of  that  definite  sort  which  a  thoroughly  satis&ctory  system  of 
\:hi8sification  requires;  and  if  they  are  adopted,  it  is  because  no 
better  set  of  distinguishing  characters  has  yet  been  proposed. 

The  following  is  a  condensed  view  of  tiie  classification  of  exo- 
genous timber^  as  above  described : — 

CLASS  I.  FiR-wooD.  (Natural  order  Ccni/era), — Examples: 
— Pine,  Fir,  Larch,  Cowrie,  Yew,  Cedar,  Juni- 
per, Cypress,  &c. 

CLASS  IL     Hardwood.  (Non-coniferous  trees.) 

Division  I.  With  distinct  large  medullary  rays.  (The 
trees  in  this  division  form  part  of  the 
natural  order  Amentaceot,) 

Subdivision    L  Annual  rings    distinct — Example: — 

Oak. 
Svbdividon  IL  Annual  rings  indistinct — Ebcamples : 

— Beech,  Alder,  Plane,  Sycamore,  dnx 

Division  II.  No  distinct  large  medullary  rays. 

Siibdividon    L   Annual    rings    distinct — ^Examples: 

— Chestnut,  Ash,  Elm,  &c 
Subdivision  IL  Annual  rings  indistinct — Examples : 

— Mahogany,  Walnut,  Teak,  Poplar, 

Box,  &c 

The  chief  practical  bearings  of  this  classification  are  as  follows : — 

Fir-wood,  or  coniferous  timber,  in  most  cases,  contains  turpentine. 
It  is  distinguished  by  straightness  in  the  fibre  and  regularity  in 
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the  fgure  of  the  trees;  qtuditieB  .fayourable  to  its  use  in  carpentry, 
especially  where  long  pieces  are  required  to  bear  either  a  direct  puU, 
or  a  transverse  load,  or  for  pnrpoees  of  planking.  At  the  same 
tiiDe,  the  lateral  adhesion  of  the  fibres  is  small;  so  that  it  is  mnch 
more  easily  shorn  and  split  along  the  grain,  or  torn  asnnder  across 
the  grain,  than  hardwood;  and  is  therefore  less  fitted  to  resist 
thrust  or  shearing  stress,  or  any  kind  of  stress  that  does  not  act . 
along  the  fibres^  Even  the  toughest  kinds  of  fir- wood  are  easily 
^wrought  A  peculiar  characteristio  of  firewood  (but  one  which 
requires  the  microscope  to  make  it  visible)  is  that  of  having  the 
vascular  tissue  "puntiated;*^  that  is  to  say,  there  are  small  lenticu- 
lar hollows  in  the  sides  of  the  tubular  fibres.  This  structure  is 
probably  connected  with  the  smallness  of  the  lateral  adhesion  of 
those  fibres  to  each  other. 

In  Hardwood,  or  non-coniferous  timber,  there  is  no  turpentine. 
The  degree  of  distinctness  with  which  the  structure  is  seen, 
whether  as  regards  medullary  rays  or  annual  rings,  depends  on  the 
degree  of  dififerenoe  of  texture  of  different  parts  of  the  wood. 
Such  difference  tends  to  produce  unequal  shrinking  in  drying;  and 
consequently  those  kinds  of  timber  in  which  the  medullary  rays, 
and  the  annual  rings,  are  distinctly  marked,  are  more  liable  to 
warp  than  those  in  which  the  texture  is  more  uniform.  At  the 
same  time,  the  former  kinds  of  timber  are,  on  the  whole,  the  more 
flexible,  and  in  many  cases  are  very  tough  and  strong,  which 
qualities  make  them  suitable  for  structures  that  have  to  bear 
^ocks. 

301.  Aippcamace  •tg^^d  Tiaibcr. — There  are  certain  appearances 
which  are  characteristic  of  strong  and  durable  timber,  to  what  class 
soever  it  belongs. 

In  the  same  species  of  timber,  that  specimen  will  in  general  be 
the  strongest  and  the  most  durable  which  has  grown  the  slowest, 
as  shown  by  the  narrowness  of  the  annual  rings. 

The  cellular  tissue  as  seen  in  the  medullary  rays  (when  visible) 
should  be  hard  and  compact 

The  vascular  or  fibrous  tissue  should  adhere  firmly  together,  and 
should  show  no  wooliness  at  a  freshly-cut  surface,  nor  should  it 
clog  the  teeth  of  the  saw  with  loose  fibres. 

If  the  wood  ia  coloured,  darkness  of  colour  is  in  general  a  sign 
of  strength  and  durability. 

The  fresbly-cut  surface  of  the  wood  should  be  firm  and  shining, 
and  should  have  somewhat  of  a  translucent  appearance.  A  dull, 
chalky  appearance  is  a  sign  of  bad  timber. 

In  wood  of  a  given  species,  the  heavier  specimens  are  in  general 
the  stronger  and  the  more  lasting. 
Amongst  resinous  woods,  those  which  have  least  resin  in  their 
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pores,  and  amongst  non-resinous  woods,  those  which  have  least  sap 
or  gum  in  them,  are  in  general  the  strongest  and  meet  lasting. 

It  is  stated  hj  some  authors  that  in  fir-wood,  tliat  which  has 
most  sap-wood,  and  in  hardwood,  that  which  has  least,  is  the  most 
durable;  but  the  universality  of  this  law  is  doubtfuL 

Timber  should  be  free  fi:t)m  such  blemishes  as  clefts,  or  cracks 
radiating  fix)m  the  centre,  "  cup-shakes,'*  or  cracks  which  partially 
separate  one  annual  layer  from  another;  "  upsets,*'  where  the  fibres 
have  been  crippled  by  compression;  "rind-galls,"  or  wounds  in  a 
layer  of  the  wood,  which  have  been  covered  and  concealed  by  the 
growth  of  subsequent  layers  over  them;  and  hollows  or  spongy 
places,  in  the  centre  or  elsewhere,  indicating  the  commenoement  of 
decay. 

302.   MummwUm  mf  Fli^^«*dr-PtaM.  Fir^  I.«*ch,  €>*wri0.  CMbv,  Sie. 

— ^The  following  are  examples  of  timber  of  this  class : — 

L  PiNB  timl^r  of  the  best  sort  is  the  produce  of  the  Bed  Pine, 
or  Scotch  Fir  {Pintis  sylvestris),  grown  in  Norway,  Sweden,  Russia, 
and  Poland.  The  best  is  export«i  from  Riga,  the  next  from  Memel 
and  from  Dantzic.  The  same  species  of  tree  grows  also  in.  Britain,  hnt 
is  inferior  in  strengtL  The  annual  rings,  when  this  timber  is  of  the 
best  kind,  consist  of  a  hard  part,  of  a  clear  dark-red  colour,  and  a 
less  hard  part,  of  a  lighter  colour,  but  still  clear  and  compact 
The  thickness  of  the  rings  should  not  exceed  one-tenth  of  an  inch. 
The  most  common  size  of  the  logs  to  be  met  with  in  the  market  is 
about  13  inches  square.  This  is  the  best  of  all  timber  for  straight 
beams,  straight  ties,  and  straight  pieces  in  framework  generallj, 
and  for  the  spars  of  ships. 

Pine  timber  for  the  same  purposes  is  also  obtained  from  various 
other  species,  chiefly  North  American,  of  which  the  best  are  the 
Yellow  Pine  {Pinua  variabilis),  and  White  Pine  (Pinus  Strobus). 
It  is  softer  and  less  durable  than  the  Bed  Pine  of  the  North  d 
Europe,  but  lighter,  and  can  be  had  in  larger  logs. 

IL  White  Fir,  or  Deal  timber  of  the  best  kind,  is  the  produce 
of  the  Spruce  Fir  (Abies  exceUa),  grown  in  Norway,  Sweden,  ana 
Bussia.  The  best  is  that  known  as  Christiania  J)esX.  Much  of 
this  timber  is  sawn  up  for  sale  into  pieces  of  various  thicknesses 
suited  for  planking,  which, 

when  7  inches  broad  are  called  "  haJUena,^^ 
when  9  „  „  ''dealsT 

when  11  „  „  "planJcsJ" 

They  are  to  be  had  of  various  lengths ;  but  the  most  usual  length  is 
about  12  feet. 

This  is  an  excellent  kind  of  timber  for  planking,  light  framioS' 
and  joiners*  work,  and  for  the  lighter  spars  of  ships. 
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A^iDongst  other  kinds  of  spruce  fir,  applied  to  the  same  pur- 
poses, are  the  North  American  White  Spruce  (Abies  aJha),  and 
Slack  Spruce  {A  hies  nigra). 

III.  The  Laugh  (La/rix  Europcea),  grown  in  various  parts  of 
£iXTX)pe,  furnishes  timber  of  great  strength,  and  remarkable  for 
durability  when  exposed  to  the  weather ;  but  harder  to  work  and 
more  subject  to  warp  than  red  pine.  The  best  sort  has  the  harder 
part  of  the  rings  of  a  dark-red,  and  the  softer  part  of  a  honey-yel- 
lo-w ;  and  its  rings  are  somewhat  thicker  than  those  of  red  pine. 

Two  North  American  species,  the  Black  Larch,  or  Hackmatack 
{Z^arix  pendula)y  and  the  Red  Larch  {La/rix  mierocarpa),  produce 
tamber  similar  to  that  of  the  European  Larch. 

XV.  The  CoWBiE  or  Kawbie  (Damma/ra  Atutralie),  a  coniferous 
tree,  grown  in  New  Zealand,  produces  timber  similar  in  its  pro- 
perties to  the  best  kinds  of  pine,  except  that  it  is  said  to  be  more 
liable  to  warp,  and  more  variable  in  quality.  It  is  of  a  brownish- 
yellow  colour,  and  more  uniform  in  its  texture  than  red  pine  and 
larch. 

V.  The  term  Cedar  is  applied,  not  only  to  the  timber  of  the  true 
Cedar  (Cedrus  Libani),  but  also  to  that  of  various  large  species  of 
Jimiper  (such  as  Jwniperus  Virginicma)  and  of  Cypress.  All  these 
kinds  of  wood  are  remarkable  for  durability,  in  which  they  excel 
all  other  timber;  but  they  are  deficient  in  strengtL 

303.  BzBHplM  mf  Mardwd— 0«k>  Bccch»  AMer»  PlaBe»  aycmaivre. 
— ^The  kinds  of  timber  which  head  this  article  belong  to  the  first 
division  of  Tredgold's  system,  being  that  in  which  there  are  dis- 
tinct large  medullaiy  rayis.  Of  the  examples  cited,  the  Oak  alone 
belongs  to  the  first  subdivision,  in  which  the  divisions  between  the 
annual  rings  .are  distinctly  marked  by  circles  of  pores.  The  other 
examples  belong  to  the  second  subdivision,  in  which  the  rings  are 
less  distinctly  marked. 

L  Oak  timber,  the  strongest,  toughest,  and  most  lasting  of  those 
grown  in  temperate  climates,  is  the  produce  of  various  species  or 
varieties  of  the  botanical  genus  Quercus,  In  Europe  there  are  two 
kinds  of  oak  trees ;  and  it  is  doubtful  whether  tiiey  ai*e  distinct 
species  or  varieties  of  one  speciea     They  are — 

The  old  English  Oak,  or  Stalk-jfruited  Oak  (Quercus  Rchwr,  or 
Quercua  pedtm^data),  in  which  the  acorns  grow  on  stalks,  and  the 
leaves  close  to  the  twig,  and 

The  Bay  Oak,  or  Cluster-fruited  Oak  {Quercus  sessUiJlara^m  which 
the  acorns  grow  in  close  clusters,  and  the  leaves  have  short  stalks. 
Both  those  kinds  of  oak  come  to  their  greatest  perfection  in 
Britain. 

The  wood  of  the  stalk-fruited  oak  is  lighter  in  colour,  and  has 
more  numerous  and  distinct  medullary  rays  than  that  of  the 
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duster^fraited  oak,  in  which  they  are  sometiiDes  so  tew  and  indis- 
tinct  as  to  have  cauaed  it  in  some  old  buildings  to  be  mistaken  for 
chestnut.  The  stalk-fruited  oak  is  the  stiffer  and  the  stmigfater- 
grained  of  the  two,  the  easier  to  work,  and  the  less  liable  to  wup; 
it  is  therefore  pnierable  where  stiffness  and  accoracj  of  fonn  are 
desired;  the  duster-fruited  oak  is  the  more  flexible,  which  gires 
it  an  advantage  where  shocks  have  to  be  borne. 

The  best  oak  timber  when  new  is  of  a  pale  brownish-yellow,  with 
a  perceptible  shade  of  green  in  its  composition,  a  firm  and  glossy 
surface,  very  small  and  regular  anniml  rings,  and  hard  and  com- 
pact medullaiy  rays.  Thick  rings,  many  lajrge  pores,  a  dull 
surface,  and  a  reddish,  or  ^'  foxy"  hue,  are  signs  of  weak  and 
perishable  wood. 

It  ia  considered  that  oak  timber  comes  to  maturity  at  the  age  of 
100  years,  at  which  period  each  tree  produces  on  an  average  about 
75  cubic  feet  of  timber;  and  that  it  should  not  be  felled  bdTore  the 
sixtieth  year  of  its  age,  nor  later  than  the  SOOth. 

The  species  of  oak  in  North  America  are  very  numerous.  The 
best  of  them  are,  the  Bed  Oak  {Quercua  rubra),  and  White  Oak 
(Qtterciu  cUba),  which  are  little  inferior  to  the  best  EHiropean 
kinds,  and  the  live  Oak  {Qtiercua  virens)  which  is  said  to  be 
superior  in  strength,  toughness,  and  durability,  to  all  other  spedes, 
but  is  so  rare  as  to  be  reserved  exclusively  for  ship-building. 

The  wood  of  the  oak  contains  gallic  add,  which  probably  con- 
tributes to  the  durability  of  the  timber,  but  tends  to  corrode  iron 
fastenings. 

The  following  are  examples  of  trees  belonging  to  the  second 
subdivision : — 

II.  Beech  (Fagua  sylvaUea),  common  in  Europe; 

III.  Alder  {Alntu  glulinosa),  also  common  in  Europe; 

lY.  American  Plane  {FUUcmus  occidentalis),  common  in  North 
America. 

V.  Sycamore  {Acer  Pamido-pkUanvs),  also  called  Great  Maple, 
and  in  Scotland  and  the  North  of  England,  Plane;  common  in 
western  Europe. 

All  these  afford  compact  timber  of  uniform  texture.  They  are 
not  used  for  great  works  of  carpentry;  but  are  valuable  where  blocks 
of  wood  are  required  to  resist  a  crushing  force.  They  last  well 
when  constantly  wet,  and  are  therefore  suited  for  piles  that  are  to 
be  always  under  water;  but  when  alternately  wet  and  dry  they 
decay  rapidly. 

304.  Haniw««d  MBUaaeA.— CiheMaat,  AmM,  bih. — The  examples 
of  timber  in  this  article  belong  to  the  first  subdivision  of  the 
second  division,  according  to  Tredgold's  system,  having  no  lai^ 
distinct  medullary  rays,  and  having  the  divisions  between  the 
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annual  rings  distinctly  marked  by  a  more  porous  structure.     They 
are  in  general  strong,  but  flexible. 

L  The  Chestnut  (Castanea  vesea)  yields  timber  resembling  that 
of  the  cluster-fruited  oak,  except  that  it  is  without  large  medullary 
rays,  and  has  less  sap-wood.  Its  properties  resemble  those  of  oak 
timber,  except  that  the  chestnut  timber  is  less  durable,  especially 
when  obtained  from  o]d  trees. 

XL  The  Ash  {Fraxinus  eaocelsior)  furnishes  timber  whose  tough- 
ness and  flexibility  render  it  superior  to  that  of  all  other  European 
trees  for  making  handles  of  tools,  shafts  of  carriages,  and  the  like; 
but  which  is  not  sufficiently  stiff  and  durable  to  be  used  in  great 
works  of  carpentry.  The  colour  of  the  wood  is  like  that  of  oak, 
but  darker,  and  with  more  of  a  greenish  hue ;  the  annual  rings  are 
broader  than  those  of  oak,  and  the  difference  between  their  com- 
pact and  porous  parts  more  marked. 

IIL  The  common  Elm  (Ulmua  camvpestru)  and  Smooth-leaved 
Elm  (  Ulmus  glabra)  yield  timber  which  is  valued  for  its  durability 
when  constantly  wet,  and  is  speciaUy  suited  for  piles  and  for  plank- 
ing in  foundations  under  water.  Its  strength  across  the  grain, 
and  its  resistance  to  crushing,  are  comparatively  great;  and  these 
properties  render  it  useful  for  some  parts  of  mechanism,  such  as 
naves  of  cart  wheels,  shells  of  ships'  blocks,  and  the  like.  It  is 
not  suited  for  great  works  of  carpentry.  There  are  other  European 
species  of  elm,  such  as  the  Wych  Elm  ( Ulmua  nunUana),  but  their 
timber  is  inierior  to  that  of  the  two  species  named. 

A  North  American  species,  the  Hock  Elm,  is  said  to  be  not  only 
durable  imder  water,  but  straight-grained  and  tough,  so  as  to  be 
well  suited  for  long  beams  and  tie& 

305.  tt«ff«lw«*d  coatlBae4.~]II«h«giiBf,  Teak,  Grerahaurt*  IHmra. 
— ^These  kinds  of  timber  are  examples  of  the  second  subdivision 
of  Tredgold's  second  division,  having  no  laige  distinct  medullary 
rays,  and  no  distinct  difference  of  compactness  in  the  ringSi 
This  uniformity  of  structure  is  accompanied  by  comparative  freedom 
firom  warping. 

I.  Mahooakt  (Swietenia  mahagam)  is  produced  in  Central 
America  and  the  W  est  Indian  Islands,  that  of  the  former  region 
l>^g  commonly  known  as  *'  Bay  Mahogany;"  that  of  the  latter  as 
"  Spanish  Mahogany."  When  of  good  quality,  it  is  very  strong  in 
all  directions,  very  durable,  and  preserves  its  shape  under  varying 
circumstances  as  to  heat  and  moisture  better  than  any  other  kind 
of  timbei-  which  can  be  procured  in  equal  abundance.  Mahogany 
varies  much  in  quality;  bay  mahogany  being  in  general  superior 
to  Spanish  mahogany  in  strength,  stiffiiess,  and  durability,  and  in 
the  size  of  the  logs.  Spanish  mahogany  is  the  more  highly  valued 
for  ornamental  purposes. 
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Spanish  mahogany  is  distinguished  by  having  a  white  dialky 
substance  in  its  pores,  those  of  bay  mahogany  being  empty. 

II.  Teak  {Tectona  grcmdis),  from  its  great  strength,  stiffiiess, 
toughness,  and  durability,  is  the  most  valuable  of  all  woods  for 
carpentiy,  especially  for  ship-building.  It  is  prodaced  in  the 
mountainous  districts  of  south-eastern  Asia  and  the  East  Indift 
Islanda     The  best  comes  from  Malabar,  Ceylon,  and  Java. 

Good  teak  resembles  oak  in  colour  and  lustre,  is  very  Tmifona 
and  compact  in  texture,  and  has  very  narrow  and  regular  annual 
rings.  It  contains  a  resinous,  oily  matter  in  its  pores,  in  order  to 
extract  which,  the  tree  is  sometimes  tapped ;  but  this  injures  the 
strength  and  durability  of  the  timber,  and  ought  to  be  avoided 
Insects  do  not  attack  teak,  and  iron  is  not  corroded  by  contact 
with  it,  unless  it  has  been  grown  in  a  marshy  soil 

III.  Gbeenheart  {NecUiTidra  Rodicn),  a  tree  of  British  Guiana, 
yields  a  very  strong  and  durable  timber,  considered  of  the  first 
quality  for  ship-building  and  all  kinds  of  carpentry,  and  also  for 
piled, foundations  and  other  structures  under  water. 

IV.  Mora  {Mora  excdm),  also  a  tree  of  British  Guiana^  yields 
a  first-class  timber  for  ship-building. 

306.  MmHLw—d  MaUaaed.  — IMB-Wurk,  Blae-gaM,  Jamk.^ 
These  are  three  of  the  numerous  species  of  the  genus  EuooLfff^i 
peculiar  to  Australia.  They  yield  timber  of  great  size,  strength, 
and  durability ;  and  that  of  the  iron-bark,  in  particuW,  is  held  to 
be  of  the  first-class  for  ship-building.  The  wood  of  iron-bark 
is  white  or  yellowish;  that  of  blue-gum,  straw-coloured;  that  d 
jarrah  resembles  mahogany,  and  is  sometimes  called  *'  Aus- 
tralian Mahogany."  The  Eucalypti^  in  conmion  with  some  other 
Australian  trees,  are  distinguished  from  the  trees  of  other  quarters 
of  the  globe  by  being  more  easily  split  in  concentric  layera,  than  in 
planes  radiating  from  the  pith ;  and  the  most  frequent  blemish  in 
their  timber  is  the  occurrence  of  cylindrical  clefts  of  that  kind, 
filled  with  gum. 

307.  laMacace  •€  S*ll  mad  CUauoe  aa  Tevm. — ^Most  timber  trees 
are  capable  of  flourishing  in  a  great  variety  of  soils.  The  best  soil 
for  all  of  them  is  one  which,  without  being  too  dry  and  porooa, 
allows  water  to  escape  freely,  such  as  gravel  mixed  with  sandy 
loam. 

The  most  injurious  soil  to  trees  is  that  of  swampy  ground  oon- 
taining  stagnant  water:  it  never  fails  to  make  the  timber  weak 
and  perishable. 

As  to  the  influence  of  climate,  two  general  laws  seem  to  prevail: 
that  the  strongest  timber  is  yielded,  amongst  different  species  of 
trees,  by  those  produced  in  tropical  climates ;  and  amongst  trees  of 
th^  same  epedes,  by  those  grown  in  cold  climate&     The  fiirst  law  'n 
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exemplified  in  such  woods  as  teak,  iron-wood,  ebony,  and  lignnm- 
vitse,  surpassing  in  strength  all  those  of  temperate  climates:  the 
second,  in  the  red  pine  of  Norway,  as  compared  with  that  of  Soot- 
land,  in  the  oak  of  Britain  as  compared  with  that  of  Italy,  and 
even  in  the  oak  of  Scotland  and  the  North  of  England,  as  compared 
^with  that  of  the  Sonth  of  England. 

308.  Age  and  Smimb  Ur  fHUm^  Tivber. — There  is  a  certain  age 
of  maturity  at  which  each  tree  attains  its  greatest  strength  and 
durability.  If  cut  down  before  that  age,  the  tree,  besides  being 
smaller,  contains  a  greater  proportion  of  sap-wood,  and  even  the 
heart- wood  is  less  strong  and  lasting;  if  allowed  to  grow  much 
beyond  that  age,  the  centre  of  the  tree  begins  either  to  become 
brittle,  or  to  soften,  and  a  decay  commences  by  slow  degrees, 
-which  finally  renders  the  heart  hollow.  The  age  of  maturity  is 
therefore  the  best  age  for  felling  the  tree  to  produce  timber.  The 
following  data  respecting  it  are  given  on  the  authority  of  Tred- 
gold:— 

Age  of  Mfttority. 
Tears. 

Oak, f    60  to  300 

'  ( average  100 

Ash,  Mm,  Larch, 50  to  100 

Fir, 70  to  100 

The  best  season  for  felling  timber  is  that  during  which  the 
sap  is  not  circulating — that  is  to  say,  the  winter,  or  in  tropical 
climates,  the  dry  season;  for  the  sap  tends  to  decompose,  and  so 
to  cause  decay  of  the  timber.  The  best  authorities  recommend, 
also,  as  a  means  of  hardenisg  the  sap-wood,  that  the  bark  of 
trees  which  are  to  be  felled  should  be  stripped  off  in  the  preceding 
spring. 

Immediately  after  timber  has  been  felled,  it  should  be  squared, 
by  sawing  off  four  "  slabs"  from  the  log,  in  order  to  give  the  air 
access  to  the  wood  and  hasten  its  drying.  If  the  log  is  large 
enough,  it  may  be  sawn  into  quarters. 

309.  ScaaoaiBg.  ifataral  ««d  Aniflciai. — Seasoning  timber  con- 
sists in  expelling,  as  far  as  possible^  the  moisture  which  is  con- 
tained in  its  pores. 

I^aturcU  Seasoning  is  performed  simply  by  exposing  the  timber 
freely  to  the  air  in  a  dry  place,  sheltered,  if  possible,  from  sunshine 
and  high  winds.  The  seasoning  yard  should  be  paved  and  well 
drained,  and  the  timber  supported  on  cast  iron  bearers,  and  piled 
so  as  to  admit  of  the  free  circulation  of  air  over  all  the  surfaces  of 
the  pieces. 

Natural  seasoning  to  fit  timber  for  carpenters'  work  usually 
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oocnpiee  about  two  yean;  for  joiners'  work,  about  four  jears;  but 
much  longer  periods  are  sometinies  employed. 

To  steep  timber  in  water  for  a  fortnight  after  felling  it  eztractB 
part  of  the  sap,  and  makes  the  diying  process  more  rapid. 

The  best  method  of  Artificial  Secuoning  consists  in  exposing  the 
timber  in  a  chamber  or  oven  to  a  current  of  hot  air.  In  Mr. 
Davison's  process,  the  current  of  air  is  impelled  hj  a  fan  at  the 
rate  of  about  100  feet  per  second;  and  the  fan,  air-passages,  and 
chamber  are  so  proportioned,  that  one-third  of  the  volume  of  air  in 
the  chamber  is  blown  through  it  per  minute.  The  best  temper- 
ature for  the  hot  air  varies  with  the  kind  and  dimensions  of  the 
timber;  thus,  for 

Oak,  of  any  dimensions,  the  temperature 

should  not  exceed 105*^  Fahr. 

Hardwoods  in  general,  in  logs  or  laige 

pieces, po^to  100^ 

Fir-woods,  in  thick  pieces, ■  120* 

„         in  thin  boards, 180^  to  200** 

Bay  mahogany,  in  boards  one  inch  thick,...  280°  to  300^ 

The  time  required  for  drying  is  stated  to  be  as  follows : — 

Thickness  in  inches, ; i,  2,  3,  4,  6,    8; 

Time  in  weeks, i,  2,  3,  4,  7,  10, 

the  current  of  hot  air  being  kept  up  for  ttodve  houars  per  da^ 
only. 

The  drying  of  timber  by  hot  air  from  a  fiimace  has  also  beea 
practised  successfully  by  Mr.  James  Robert  Napier,  in  a  brick 
chamber,  through  which  a  current  is  produced  by  the  draught  of  a 
chimney.  The  equable  distribution  of  the  hot  air  amongst  the 
pieces  of  timber  is  insured  by  introducing  the  hot  air  close  to  the 
roof  of  the  chamber,  and  drawing  it  off  through  holes  in  the  floor 
into  an  underground  flue.  The  hot  air  on  entering,  being  mora 
rare  than  that  already  in  the  chamber,  which  is  partially  cooled, 
spreads  into  a  thin  stratum  close  under  the  roof,  and  gradu- 
ally descends  amongst  the  pieces  of  wood  to  the  floor.  The 
air  is  introduced  at  the  temperature  of  240**  Fahr.  The  ex- 
penditure of  fuel  is  at  the  rate  of  1  lb.  of  coke  for  eveiy  3  Iba  of 
moisture  evaporated. 

Many  experiments  have  been  made  on  the  loss  of  weight  and 
shrinkage  of  dimensions  undergone  by  timber  in  seasoning;  of 
which  the  details  may  be  found  in  the  works  of  Fincham  on  Ship- 
buUdingy  Tredgold  on  Carpen6ry,  Mr.  Murray  on  Ship-building, 


TIMBEB — SKASONIKCi — ^DUBABUJTT.  449 

4fec.  The  results  of  these  experiments  vary  so  much  that  it  is 
almost  impossible  to  oondeuse  them  into  any  general  statement. 
The  following  shows  the  limits  within  which  they  generally 
lie: — 

«.   .  ,  Loss  of  Weight  Transverse  Shrink- 

"™^-  per  Cent  ing  per  Cent 

Red  Pine, from  12  to  25  2^  to  3 

American  Yellow  Pine, „     i8  to  27  2    to  3 

Larch, „       6  to  25  2    to  3 

Oak  (British), „     16  to  30  aboutS 

Elm        „       „    about  40  about  4 

Mahogany, „     16  to  25 

310.  iHnmhilitf  andl  l^ecay  mf  Tivber. — ^All  kinds  of  timber  are 
moat  lasting  when  kept  constantly  dry,  and  at  the  same  time  freely 
ventilated. 

Timber  kept  constantly  wet  is  softened  and  weakened;  but  it 
does  not  necessaiily  decay.  Yarious  kinds  of  timber,  some  of 
-which  have  been  already  mentioned,  such  as  elm  and  beech,  possess 
great  durability  in  this  condition. 

The  situation  which  is  least  fevourable  to  the  duration  of  timber 
is  that  of  alternate  wetness  and  dryness,  or  of  a  slight  degree  of 
moisture,  especially  if  accompanied  by  heat  and  confined  air.  For 
pieces  of  carpentry,  therefore,  which  are  to  be  exposed  to  these 
causes  of  decay,  the  most  durable  kinds  of  timber  only  are  to  be 
employed,  and  proper  precautions  are  to  be  taken  for  their  preser- 
Tation. 

Slaked  lime  hastens  the  decay  of  timber,  which  should  therefore, 
in  buildings,  be  protected  against  contact  with  the  moi-tar. 

Timber  ^Lposed  to  confined  air  aloue,  without  the  presence  of 
any  considerable  quantity  of  moisture,  decays  by  "  diy  rot,^^  which 
is  accompanied  by  the  growth  of  a  fimgus,  and  finally  converts 
the  wood  into  a  &ie  powder. 

The  following  table  shows  the  comparative  durability .  of  some 
kinds  of  timber  for  ship-building,  as  estimated  by  the  committee  of 
Lloyd's. 

12  years.  Teak,  British  Oak,  Mora,  Greenheart,  Iron-bark,  SauL 
10      „      Bay  Mahogany,  Cedar  {Juniperus  Virffiniand,) 

European     Continental    Oak,    Chestnut,    Blue-gum, 
Stringy-bark  {Eucalyptus  gigarUea,) 
8      „      North  American  White  Oak,  Forth  American  Chest- 
nut. 
7      „      Larch,  Hackmatack,  Pitch  Pine,  English  Oak. 
6      „      Cowrie,  American  Bock  Elm. 

2o 
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5  yean.  Red  Pine,  Grey  Elm,  Bkck  Krch,  Spnioe  Pir,  £ng- 

lish  Beech. 
4     9,      Hemlock  Fine  (North  Ameriottn.) 


311.  rwmuevwmidmm  •€  tibWt. — ^Amongst  the  most  efficient  i 
of  preserving  timber,  are  good  seasoning  and  the  £ree  ciicolatioii 
of  air. 

Protection  against  moisture  is  afforded  by  oil-paint,  provided  tbAt 
the  timber  is  perfectly  dry  when  first  painted,  and  that  the  paint 
is  renewed  from  time  to  tima  A  coating  of  pitch  or  tar  may  be 
used  for  the  same  purpose. 

Protection  against  the  dry  rot  may  be  obtained  by  aaturatiii^ 
the  timber  with  solutions  of  particular  metallic  salts.  For  this 
pui'pose  Chapman  employed  copperas  {aulphaU  0f  trow);  Mx. 
£[yan,  corrosive  sublimate  {bichloride  of  mercury)',  Sir  William 
Burnett,  chloride  qf  zinc  AU  these  salts  preserve  the  timber 
80  long  as  they  remain  in  its  pores;  but  it  would  seem  that 
they  are  gradually  removed  by  the  long-continued  action  of 
water. 

Dr.  Boucherie  employs  a  solution  of  sulphaie  qf  copper  in  aboat 
one  hundred  times  its  weight  of  water.  The  solution,  being 
contained  in  a  tank  about  30  or  40  feet  above  the  level  of  the  lo^ 
descends  through  a  flexible  tube  to  a  cap  fixed  on  one  end  of  the 
log,  whence  it  is  forced  by  the  pressure  of  the  column  of  fluid 
above  it  through  the  tubes  of  the  vascular  tissue,  driving  out  the 
sap  before  it  at  the  other  end  of  the  log,  until  the  tubes  are 
cleared  of  sap  and  filled  with  the  solution  instead. 

Timber  is  protected  not  only  against  wet  rot  and  dry  rot^  but 
against  white  ants  and  sea-worms,  by  Mr.  Bethdl's  process  of 
saturation  with  the  liquid  called  commercially  "  creosote,*'  which  is 
a  kind  of  pitch  oil.  This  is  effected  by  first  exhausting  the  air 
and  moisture  from  the  pores  of  the  timber  in  an  air-tight  vessel,  in 
which  a  partial  vacuum  is  kept  up  for  a  few  hours,  and  then 
forcing  the  creosote  into  these  pores  by  a  pressure  of  about  150  lbs. 
on  the  square  inch,  which  is  kept  up  for  some  days.  The  timber 
absorbs  from  a  ninth  to  a  twelfth  of  its  weight  of  the  oiL 

312.  aireacta  mi  TSmkcVi — Amongst  different  specimens  of  timber 
of  the  same  species,  those  which  are  most  dense  in  the  dry  state 
are  in  general  also  the  strongest 

Tables  of  the  average  results  of  the  most  trustworthy  experi- 
ments on  the  strength  of  different  kinds  of  timber  strained  in 
various  ways  are  given  at  the  end  of  the  volume;  and  a  supple- 
mentary table  containing  some  additional  results,  at  the  end  of 
this  section,  p.  452.  As  to  the  strength  of  timber  posts,  see  Article 
158,  p.  238. 
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The  following  are  some  general  remarks  as  to  the  different  ways 
in  -which  the  strength  of  timber  is  exerted : — 

X.  The  Testacitt  along  (he  grain,  depending,  as  it  does,  on  the 
tenacity  of  the  fibres  of  the  vascular  tissue,  is  on  the  whole  greatest 
in  those  kinds  and  pieees  of  wood  in  which  those  fibres  are 
strai^test  and  most  distineily  marked.  It  is  not  materially 
affected  by  tempontry  witness  of  the  timber,  but  is  diminished 
by  long-continued  saturatioii  with  water,  and  by  steaming  and 
looHing. 

The  tmacUy  aeros9  ih$  grainy  depending  chiefly  on  the  lateral 
adhesion  of  the  fibres,  is  always  condkiersbly  less  than  the  tenacity 
along  the  grain,  and  is  diminished  by  wetness  and  increased  by 
drynesa  Yery  few  etBct  experiments  have  been  made  upon  it 
Its  smallness  in  fir-wood  as  compared  with  hardwood  forms  a 
marked  distinction  between  those*  two  classes  of  timber,  the 
proportion  which  it  bears  to  the  tenacity  along  the  grain  having 
been  found  to  be,  by  some  experhnentsf, 

In  fil^wood,  from  l-20th  to  l-lOtL 

In  hardwood,  from  l-6th  to  l-4th,  and  upwards. 

II.  The  Resistance  to  Sheabing,  by  sliding  of  the  fibres  on 
each  other,  is  Ihe  same,,  or  nearly  the  same,  with  the  tenacity 
across  the  grain.  As  to  shearing  across  the  grain,  see  Article  322, 
p.  460. 

in.  The  Hesistance  to  Cbushino  along  the  grain,  depending, 
as  it  does,  on  the  resistance  of  the  fibres  to  being  crippled  or 
**  upset,"  and  split  asunder,  is  greatest  when  their  lateral  adhesion 
is  greatest,  and  has  been  found  by  Mr.  Hodgkinson  to  be  nearly 
twice  as  great  for  diy  timber  as  fbr  the  same  timber  in  the  green 
state.  In  most  kinds  of  timber,  when  dry,  it  ranges  from  one- 
half  to  two-thirds  of  the  tenacity  (p.  236.) 

Experiments  have  been  made  on  the  crushing  of  timber  across 
the  grain,  which  takes  place  by  a  sort  c^  shearing;  but  they  have 
not  led  to  any  precise  result,  except  that  the  timber  is  both  more 
compressible  and  weaker  against  a  transverse  than  against  a 
longitudinal  pressure;  and  consequently,  that  intense  transverse 
compression  of  pieces  of  timber  ought  to  be  avoided. 

I V .  The  Modulus  op  RuPTUitE  of  timber,  which  expresses  its 
resistance  to  cross-breaking,  is  usually  somewhat  less  than  its 
tenacity,  but  seldom  much  less.     (See  Article  162,  p.  252.) 

y.  The  Factob  of  Safefy,  in  various  actual  structures  of  car- 
pentry, ranges  from  4  to  14,  and  is  on  an  average  about  10. 
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SuppLEMXiTTA&T  Tablb  OF  Pbopebties  OF  Tdcbeb  obows  IS  Cetuis; 

SBLECTED  AlO)  OOMFUTKD  FBOX  ▲  TaBLE  OF  THB   PnOFEBTEES  OT 
NINSTT-SIX  KINDS  OF  TdCBEB  BT  MoDLIAB  AdBIAN  MsNDI& 

Modnliis  of   Modnliis  of   vfmtAAiig 

Sqnan  Inch.  Square  Imdi. 

Alndel  {ArkHMfjma  pubeicena),.,,  lyS^OyOoo    12,800  51 

Bunite  {ChloroxyUm  Stoietenia),  2,700,000     18,800  55 

Caha  Milile(ritea;a/^t8Wfiiaf),...  2,000,000     13,900  56 
Caluvere.     See  "  Ebony." 

(^  {Artooarjnu  integrifolia), 1,810,000     11,000  42 

Hal  Milile  {Berrya  AmmonUla),     970,000  15,200          4^ 
Ironwood.     See  "  Naw." 
Jack.     See  "  Cos." 

Mee  (Ba88ia  longi/oliaSy 1,880,000  13,000           61 

Meean  Milile  (  VUex  amanma)^ . . .  2,040,000  1 4,200           56 

'NsLW  {Mesua  Nagaha), 2,580,000  i7i90o           I2 

Palmira.     See  «  TaL^' 

TaIoo  {Mimitaopa  hex(mdra)f 2,430,000  18,900          68 

Satinwood.     See  "  Burute." 

BooTij&  (Theapeaia  populea)i 2,610,000  12,700  42 

Tal  (BordastuJlaMli/oriniiB), 2,810,000  14,700  65 

Teak  {Tectona  grandis), 2,800,000  1 4,600  55 

Additional  Data  from  the  Ezpsbiments  of  Captain  Fottx^ 

RK   AND  MODLIAB  MeNDIS. 

Teak  from  Cochin-China, 1,990,000     12,100  44 

Teak  from  Moulmein, 1,900,000     11,520  42 

Iron-bark {Eucalyptm — ?)fix)m  )       ^^ ^  ^^     « ^  . «^  a, 

Australia, Z,, /      ^^^'^^     ^^'^°^  ^^ 

Iron-bark,  rough-leaved, 1,157,000     22,500  64 

Jarrah.  See  ''  Australian  Ma- 
hogany," in  Tables  at  end  of 
volume. 
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312  A«  Cmmvmtmare  T«ia«  •tTimhtry — ^The  following  table  shows 
approximately  the  comparative  values  of  different  kinds  of  timber 
in  Britain,  that  of  the  best  Russian  Red  Pine  being  taken  as  the 
unitw* 

Yellow  Pine, 078  to  089 

Red  Pine, 0*92  to  I'oo' 

Beech, I'oc 

Elm, I'OO 

Ash, 1-33 

Oak — ^from  old  ships, ^ 0*83 

„    Canadian, 1*00 

„    British — according  to  size, i  -33  to  2*00 

Teak — African, 1*50 

„        Indian, 217 

Bay  Mahogany, 2*50 

and  upwards. 

Spanish  Mahogany, 4*67 

and  upwards. 

Section  IL — O/JoirUs  and  Fastenings  in  Ca/rpenJtry, 

313.  ClaMlMeaUoa  mmA  Genenil  Priaclplcs. — ^The  joints,  or  sur- 
faces at  which  the  pieces  of  timber  in  a  frame  of  carpentiy  touch 
each  other,  and  the  fastenin^f 8  which  connect  those  pieces  together, 
are  of  various  kinds,  according  to  the  relative  positions  of  the 
pieces,  and  the  forces  which  &ey  exert  on  each  other.  Joints 
have  been  classed  by  Robison  and  Tredgold;  and  those  authors  are 
very  nearly  followed  in  the  following  classification,  which  will  be 
the  better  understood  by  refening  to  the  previous  portion  of  this 
work  which  relates  to  framework  in  general,  vi^. : — Part  IL, 
Chapter  L,  Section  lY.,  Articles  111  to  122,  pp.  173  to  185  :— 

L  Joints  for  lengthening  ties. 

II.  Joints  for  lengthening  struta 
III.  Joints  for  lengthening  beams. 
rV.  Joints  for  supporting  beams  on  beams. 

Y.  Joints  for  supporting  beams  on  posts. 
YL  Joints  for  connecting  struts  with  ties. 

Fastenings  may  be  classed  as  follows : — 

I.  Pins,  including  treenails,  nails,  spikes,  screws,  and  bolts; 
being  fastenings  wWch  are  exposed  principally  to  shearing  and 
bending  stress. 

*  These  comparadve  valaa  are  giren  aooording  to  Laxton's  BuUder^i  Price  Book 
for  1861,  the  price  of  the  best  red  pine  in  ecaotUDgs  beiog  8a  per  cable  foot 
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IL  Stcaps  and  tie-bin,  including  iron  fiEtirraps  and  evspemdiiig- 
rodfl,  being  £Mtenli^  wblch  axe  exposed  pcinopailj  to  tenriem. 

III.  Sockets. 

In  designing  and  executing  all  kinds  of  joints  and  fiusteniDgs, 
the  following  general  principles  are  to  be  adhered  to  as  dose! j  u 
may  be  practicable : — 

I.  To  cut  the  joints  and  arrange  the  fastenings  so  as  to  weaken 
the  pieces  of  timber  that  they  connect  as  little  as  possible. 

II.  To  place  each  abutting  surface  in  a  joint  as  nearly  as  possible 
perpendicular  to  the  pressure  which  it  has  to  tranamxt. 

III.  To  proportion  the  area  of  each  such  surface  to  the  pressure 
which  it  hM  to  bear,  so  that  the  timber  may  be  aafe  against  injuiy 
under  the  heaviest  load  which  occurs  in  practice;  and  to  form  and 
fit  every  pair  of  such  surfaces  accurately^  in  order  to  distribute  the 
stress  unifonnly. 

I Y.  To  proportion  the  flEtstenings,  so  that  they  may  be  of  equal 
strength  with  the  pieces  which  they  conned 

y .  To  place  the  fastenings  in  each  piece  of  timber  so  that  there 
shall  be  sufficient  resistance  to  the  giving  way  of  the  joint  by  the 
fastenings  shearing  or  crushing  their  way  through  the  timber. 

314.  li«is«fc*"*"»  ViM  is  performed  by  fishing  or  by  scarfing^ 
In  a  fished  joint  the  two  pieces  of  the  tie  abut  end  to  end,  and  are 
connected  together  by  means  of  "  fiah-pieces**  of  wood  or  iron 
which  are  bolted  to  them;  in  a  scarfed  joint  the  ends  of  the  two 
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Fig.  189.  F^.  190. 

pieces  of  the  tie  overlap  each  other.  Fig.  187  is  a  fished  joiiit; 
figs.  188,  189,  and  190  are  called  soarfe;  though  in  figs.  188  «nd 
190  the  ties  are  in  fact  fished  with  iron  as  well  as  scarfed. 

In  a  plain  fislued  joitU  the  fish-pieces  have  plane  surfaces  next 
the  tie,  so  that  the  connection  between  them  and  the  tie  for  the 
transmission  of  tension  depends  wholly  on  the  strength  of  the 
bolts,  together  with  the  friction  which  they  may  cause  by  presoBg 
the  fish-pieces  against  the  sides  of  the  tie.  The  tie  is  only  weakened 
so  far  as  its  effective  sectional  area  is  diminished  by  the  bolt-holes. 
The  joint  sectional  area  ,of  the  fish-pieces  should  be  equal  to  that  o( 
the  ties.   The  joint  sectional  area  of  the  bolts  should  beat  least  cmh 
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fifth  of  that  of  the  timber  left  after  cutting  tlie  bolt-holes;  and  the 
bolts  should  be  square  rather  than  round  The  bolt-holes  should 
be  BO  distributed,  and  placed  at  such  distances  from  the  ends  of  the 
ti9vo  parts  of  the  tie,  that  the  joint  area  of  both  sides  of  the  layer  of 
fibres,  Krhich  must  be  sheared  out  of  one  piece  of  the  tie  before  the 
bolts  can  be  torn  out  of  its  end,  shall  be  as  much  greater  than  the 
effective  area  of  the  tie  as  the  tenacity  of  the  wood  is  greater  than 
its  resistance  to  shearing;  as  to  which  proportion,  see  Article  312, 
p.  450.  The  same  rule  regulates  the  places  of  the  bolt-holes  in  the 
fish-pieces. 

The  fish-pieces  and  the  parts  of  the  tie  may  also  be  connected  by 
wdenis^  as  at  the  upper  side  of  fig.  187,  or  by  joggles  or  heys^  as  at 
the  lower  side  of  the  same  figure.  In  either  case  the  effective  area 
<rf  the  tie  is  reduced  by  «the  cutting  of  the  indents  or  of  the  key- 
seats,  at  A  and  R  The  area  of  abutting  surfiice  of  the  indents,  or 
of  tiie  kay-aeats,  should  be  sufficient  to  resist  safely  the  greatest 
force  to  be  exerted  along  the  tie;  and  their  distances  from  the  ends 
of  the  fish-pieces  and  of  the  parts  of  the  tie  should  be  sufficient  to 
resist  safely  the  tendency  of  the  same  force  to  shear  off  two  layers 
of  fibre& 

A  timber  tie  may  be  fished  with  plates  of  iron,  due  regard  being 
paid  to  the  greater  tenacity  of  the  iron  in  fixing  the  proportions 
of  the  parts,  and  the  iron  fish-plates  may  be  indented  into  the 
wood.  fig.  188  represents  a  joint  in  which  the  parts  of  the 
timber  tie  are  scarfed  together,  and  at  the  same  time  fished  with 
iron  plates,  which  are  indented  into  the  wood  at  the  ends. 

Fig.  189  represents  a  scarfed  joint  for  a  tie,  which  will  hold 
without  the  aid  of  boUs  or  straps.  At  C  is  a  key  or  joggle 
of  some  hard  kind  of  wood,  which  is  wedged  in  so  as  to  tighten  the 
joint  moderately.  The  depth  of  the  key  is  one-third  of  the  depth 
of  the  beam.  It  is  evident  that  this  joint,  as  shown  in  the  figure, 
has  only  one-third  of  the  stoength  of  the  solid  timber  tie ;  but  its 
strength  may  be  considerably  increased  by  bolting  on  iron  fish- 
plates at  A  and  B. 

Fig.  190  shows  a  scarfed  joint  with  several  keys,  which  should 
all  l^  driven  equally  tight  It  is  also  fished  with  iron  plates, 
indented  into  the  wood  at  the  ends. 

The  following  practical  rules  are  given  by  Tredgold  for  the  pro- 
portion which  tiie  length  of  a  scarf  (between  A  and  B  in  each  of 
the  figures)  should  bear  to  the  depth  of  the  tie : — 

Without      With    WithBolta 
Bolts.       Bolts.  andlndeDts. 

Hardwood  (as  Oak,  Ash,  or  Elm), ...     632 
Fii>wood, 13  6  4 
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315.  JL«MgibMaac  SinttB. — ^At  each  joint  in  a  post,  pillar,  or 
other  strut,  the  two  pieces  should  abut  a^;ainst  each  other  at  a 
plane  surface,  perpendicular  to  the  direction  of  the  thrust;  and  to 
keep  them  steady  they  may  either  be  fished  on  all  four  siiies, 
or  have  their  abutting  ends  enclosed  in  an  iron  socket  made  to  fit 
them.  Joints  in  struts  ought  if  possible  to  be  stayed  laterally. 
(As  to  the  strength  of  timber  struts,  see  Article  158,  p.  238). 

316.  l^eagiheBiac  Bcuas  may  be  performed  either  by  fishing  or 
by  scarfing ;  and  in  either  case  the  joints  should  as  fiur  as  practicable 
be  placed  where  the  bending  moment  is  smalL  The  constructioii. 
of  the  joints  should  be  the  same  with  that  of  joints  for  lengthening 
ties,  with  the  following  qualifications : — 

I.  At  the  compressed  side  of  the  beam,  its  two  pieces  shonld 
have  a  square  abutment  against  each  other;  hence  oblique  sorfaces, 
such  as  those  in  fig.  189,  are  to  be  avoided. 

II.  The  surfaces  of  the  scarf  ought  to  be  parallel  to  the  directiaa 
of  the  load;  (that  is  to  say,  in  general,  vertical:  so  that  in  figs. 
188  and  190,  the  plane  of  the  paper  shall  represent  a  horizontal 
plane) ;  for  it  was  found,  in  experiments  by  Colonel  Beaufoy,  that 
a  scarfed  beam  was  stronger  with  the  scarf  "  up  and  down"  than 
"  flatwise."    (See  Barlow  On  the  Strength  of  Timber,  Article  71.) 

317.  NotchiBg  Bcaau.— When  a  joist  or  cross-beam  has  to  be  sup- 
ported on  a  girder  or  main  beam,  the  method  which  least  impairs  the 
strength  of  the  main  beam  is  simply  to  place  the  cross-beam  above 
it;  a  shallow  notch  being  cut  on  the  lower  side  of  the  cross-beam, 
so  as  to  fit  the  main  beam. 

318.  BlMtisli^;  BcuM— 8h«aMcred  T«a«a« — ^When  the  space  is 
not  sufElcient  to  admit  of  placing  the  cross-beam  above  the  main 
beam,  the  connection  may  be  made  by  means  of  a  mcrtise  and  tenon 
joint;  the  tenon  being  a  projection  from  the  end  of  the  cross-beam, 
and  the  mortisey  a  cavity  in  the  side  of  the  main  beam,  cut  so  as 
exactly  to  fit  the  tenon.  The  tenon  may  be  fixed  in  its  place  by 
means  of  a  pin,  or  of  a  screw.  It  is  evident  that  in  order  to 
weaken  the  main  beam  as  little  as  possible,  the  mortise  should  be 
cut  at  the  'middle  of  its  depth,  so  that  the  centre  of  the  mortise 
may  be  at  the  neutral  axis  of  the  beam. 

To  find  in  what  proportion  a  beam  is  weakened  by  a  plain 
rectangular  mortise  cut  in  the  position  above  prescribed,  let  h  be 
the  depth  and  b  the  breadth  of  the  beam,  hf  the  depth  of  the 
mortise,  and  6'  the  distance  to  which  it  penetrates  into  the  beam; 
then  the  beam  is  weakened  in  the  following  ratio : — 

bh^  —  VJfl:b  A«  (1.) 

(See  Article  162,  pp.  249  to  253.) 

To  keep  a  cross-beam  steady  in  its  proper  position,  a  tenon 
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requires  length;  to  bear  its  share  of  the  load,  it  requires  depth; 
but  a  tenon  at  once  long  and  deep  would  too  much  weaken  the 
main  beam.  To  avoid  tiiis  difficulty  the  akovldered  tenon  is  used, 
as  shown  in  fig.  191.     A  is  a  cross-section  of  a  ^^^ 

main  beam;  B  is  one  end  of  a  cross-beam.     C  is  ^^^ 

the  shoulder,  which  bears  the  load  of  that  end  of     ^       ^^^B 
the  cross-beam,  and  penetrates  into  the  side  of  the  lj^9 

main  beam  for  a  distance  of  one-sixth  of  the  depth  W^^t^ 

of  the  cross-beam  or  thereabouts;  the  depth  of  the         p.  ^^~ 
shoulder  below  the  upper  side  of  the  cross-beam  ^* 

is  about  two-thirds  or  three-fourths  of  the  total  depth  of  that 
beam.  D  is  the  tenon  proper,  whose  depth  is  only  one-sixth  of 
that  of  the  cross-beam,  while  its  length  is  about  double  of  its  own 
depth.  Its  use  is  to  give  the  joint  sufficient  hold,  so  that  there 
shall  be  no  risk  of  the  shoulder  being  dislodged  &om  its  place  in 
the  mortise. 

Mortises  cut  by  hand  are  always  rectangular.  Those  cut  by 
machinery  are  made  by  a  boring  tool,  so  that  although  their 
longest  sides  are  plane,  their  ends  are  semicylindrical;  and  tenons 
to  fit  them  must  be  cut  of  the  same  shape. 

319.  PMt  MMdi  Bmim  Joiats. — To  support  the  end  of  a  horizontal 
beam  at  one  side  of  a  post,  a  shouldered  mortise-and-tenon  joint  is 
to  be  used.  The  shoulder  should  be  like  that  on  the  end  of  the 
cross-beam  in  fig.  191;  but  the  long  tenon  should  be  on  edge^  or 
have  its  narrow^  dimension  horizontal,  in  order  that  the  mortise 
for  it  may  weaken  the  post  as  little  as  possible. 

When  the  beam  is  to  rest  on  the  top  of  the  post,  the  joint  may 
be  secured  simply  by  means  of  a  small  tenon  in  the  centre  of  the 
top  of  the  post  fitting  into  a  mortise  in  the  under  side  of  the 
b^m;  but  there  are  other  methods,  two  of  which  are  shown  in 
fig.  192.     B  B  is  the  beam.     A  is  a  post,  the  top  of  which  is  fitted 

into  a  shallow  rectangular  notch  in 

the  under  side  of  the  beam.     That     ^    _.^'^i  _\ — i      ^ 

notch  does  not  extend  completely  ^   r  1^    T 

across  the  beam,  but  is  divided  into  '  ^  "  I  -^  I 

two  parts  by  a  bridle,  of  about  one-  ^Us*  1^2. 

fifth  of  the  breadth  of  the  beam,  which  is  left  uncut  in  the  middle 
of  the  notch.  To  receive  the  bridle,  a  groove  of  the  same  breadth 
is  cut  in  the  middle  of  the  top  of  the  post,  as  indicated  by  the 
dotted  line  C  D.  The  post  E  is  also  fitted  into  a  notch-and-bridle 
joint  F  G,  the  only  difference  being  that  the  figure  of  the  notch  in 
the  under  side  of  the  beam  is  an  obtuse  angled  triangle  instead  of  a 
rectangle.  This  last  form  is  recommended  by  Tredgold.  He  also 
recommends  a  joint  of  the  same  class,  in  which  the  notch  in  the 
under  side  of  the  beam  has  the  figure  of  a  circular  arc;  but  firom 
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the  experiments  of  Mr.  Hodgkinson  on  the  strength  of  flai-eiided 
and  round-ended  pillars,  it  must  be  inferred  that  this  oonstructioa 
would  weaken  the  post     (Article  158,  pp.  236  to  238.) 

The  same  joints  are  applicable  to  the  case  in  whix^  a  poet  is 
supported  on  a  beam. 

320.  Mraa^uikbVto  jr«lBtB»^-A  stmt  and  a  tie  meeting  at  an 
oblique  angle  are  to  be  connected  by  means  of  a  shoulder  on  the 
end  of  the  strut,  fitting  into  a  notch  in  the  side  of  the  tie,  to 
transmit  the  pressure,  and  of  a  tenon  on  the  strut  fitting  into  a 
mortise  in  the  tie,  or  a  bridle  on  the  tie  fitting  into  a  groove  in  the 
shoulder  of  the  strut,  to  keep  the  joint  steady.  Such  joints  are 
exemplified  in  figs.  193  and  194,  in  each  of  which  B  re}HneaentB  a 
tie-b^un  and  A  the  foot  of  a  strut  or  rafter.  C  D  is  the  tkaulder  of 
the  rafter,  fitting  into  a  notch  in  the  tie-beam,  and  having  a  plane 
surface,  which  in  fig.  193  has  a  depth  equal  to  half  of  the  depth  of 
the  rafter,  and  bisects  the  obtuse  angle  between  the  directioDS  of 
the  tie-beam  and  rafter;  while  in  fig.  194  it  is  peipendicular  to 


r-£^^   C 


Fig.  198.  Fig.  194. 

the  length  of  the  rafter,  and  of  somewhat  more  than  half  its  depth 
In  fig.  193  the  dotted  lines  at  F  represent  a  tenon  and  mof^ue, 
whose  breadth  is  one-fifth  of  that  of  the  rafter.  In  fig.  194,  the 
dotted  line  C  F  shows  the  upper  sur&ce  of  a  bridle,  left  uncut  in 
the  middle  of  the  breadth  of  the  notch  C  D  F  in  the  tie-beam,  and 
fitting  into  a  groove  in  the  shoulder  of  the  rafter.  The  breadth  of 
the  bridle  is  one-fifth  of  the  breadth  of  the  tie-beam. 

In  making  each  of  those  joints,  care  must  be  taken  that  the 
length  of  the  fibres  left  between  the  notch  C  D  and  the  end  £  of  the 
tie-beam  is  sufiicient  to  i*esi3t  safely  the  tendency  of  the  longi- 
tudinal component  of  the  thrust  against  the  notch  to  shear  them 
off;  that  is  to  say,  let  H  be  that  component  of  the  thrust  of  the 
rafter,  b  the  breadth  of  the  tie-beam  in  inches,  I  the  distance  in 
inches  from  the  notch  to  the  end  of  the  tie-beam,  /*  the  resistanoe 
of  the  wood  to  shearing,  a  a  factor  of  safety;  then 

'=ry ••(^•) 

According  to  Tredgold,  4  is  a  sufficient  value  for  s  in  this  case; 
and  hence,  taking  f  at  600  lbs.  per  square  inch  for  fir,  and  2,300 
Iba  per  square  inch  for  oak,  we  have 
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For  oak,  I  = 


675  y 


for  fir,  I  = 


H 

150  6* 


.(lA.) 


These  jointB  nmy  be  made  more  secure  by  binding  the  rafter  and 
tie  together  with  a  bolt  or  a  strap,  in  a  dijrection  making  as  acute 
an  angle  wiih  the  tie  as  is  practicable.  The  chief  object  of  this  is 
to  hold  the  rafter  in  its  place  in  case  the  end  of  the  tie  should  give 
way.      (See  fig.  197,  p.  ^62.) 

321.  ■■■ymdHt  jpiecM  in  fiames  of  carpentry  are  called  by  the 
very  inappropriate  names  of  king-posts  and  queen-posU,  a  king-post 
being  a  single  suspending  piece  in  the  centre  of  a  frame,  and  queen- 
posts,  suspending  pieces  in  other  positiona  A  suspending  piece 
hangs  from  the  point  of  junction  of  two  struts  or  rafters,  and  sup- 
ports at  its  lower  end  either  a  beam  or  the  ends  of  one  or  more 
struts. 

A  strut  or  rafter  may  be  connected  with  a  suspending  piece  by 
abutting  against  a  notch  cut  in  its  side,  or  against  a  shoulder 
formed  by  an  enlargement  at  the  end  of  the  suspending  piece;  and 
in  either  case  the  distance  of  the  notch  or  shoulder  from  the  end 
of  the  piece  is  to  be  determined  by  the  formul»  of  the  preceding 
article.  When  a  single  suspending  piece  supports  a  beam  at  its 
lower  end  they  are  connected  by 
means  of  an  iron  stirrup. 

A  better  method  is  to  make  sus- 
pending pieces  in  pairs,  so  that  the 
rafters  from  which  they  hang  may 
abut  between  them  directly  against 
each  oth^,  as  shown  by  the  cross- 
section  fig.  195,  and  the  side  view 
fig.  196.  C  and  E  are  the  ends 
of  a  pair  of  rafters  abutting  against 
each  other ;  A  and  B  the  upper  ends 
of  a  pair  c^  suspending  pieces,  notched  upon  the  rafters,  and  bolted 
to  each  otibar  through  the  blocks  or  filling-pieces  D  and  K  If 
these  figures  be  turned  upside  down  they  will  represent  the  lower 
ends  of  a  pair  of  su^)ending-pieces,  forming  a  wooden  stiirup  for 
the  support  of  a  beam,  or  of  the  ends  of  a  pair  of  struts,  as  the  case 
may  be. 

322.  Piu — TreMUiila. — Wooden  pins,  as  fastenings  for  joints, 
when  of  large  diameter,  are  known  as  treenails.  Experiments 
have  been  made  on  their  resistance  to  a  cross  strain  by  Mr.  Parsons, 
for  the  details  of  which,  see  Murray  On  Ship-building;  the  results 
may  be  simmied  up  with  sufficient  exactness  for  practical  purposes 
by  saying — 

L  That  the  ultimate  resistance  of  English  oak  treenails  to  a 


Oy/     U 


,/*^, 


Fig.  195. 


Fig.  196. 
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shearing  stress  across  the  grain  is  about  4,000  lbs.  per  square  indi 
of  eection. 

II.  That  in  order  to  realize  that  strength,  the  planks  connected 
by  the  treenails  should  have  a  thickness  equal  to  about  three  times 
the  diameter  of  the  treenails. 

323.  ifaib  mmd  Spikfa. — Where  nails  are  exposed  to  anj  con- 
siderable strain  those  made  bj  hand  should  be  used,  aa  they  are 
stronger  than  those  made  by  machinery. 

The  weight  in  lbs.  of  a  thousand  of  the  "flooring  brads" 
commonly  used  in  carpentry  may  be  roughly  computed  by  taking 
tunee  the  square  of  their  length  in  inches. 

The  nails  or  spikes  used  for  fastening  planks  to  beams  are 
usually  of  a  length  equal  to  from  twice  to  twice  and  a-lialf  the 
thickness  of  the  planks. 

The  following  are  the  results,  as  stated  by  Tredgold,  of  experi- 
ments by  Bevan  on  the  force  required  to  chraw  nails  of  different 
sizes  out  of  Dry  ChrisHania  Deal,  into  which  they  had  been  dnren 
to  different  depths  across  the  grain : — 

Kind  of  Kails.        V"?^        *?%^       l^     totoJ^. 
Inchet.         the  Lb.      diivoL        £^ 

Sprigs, 0-44         4,560         04  22 

„      053  3>300  044  37 

Threepenny  brads,  1-25  618  0*50  58 

Cast  iron  nails, ...  i*oo  380  0*50  72 

Fivepenny    nails,  2-00  139  1*50  320 

Sixpenny  nails, ...  2-50  73  foo  187 

,y  .-.     3-50  73        ^'50        327 

„  ...     2-50  73         2-00         530 

So  far  as  these  results  can  be  expressed  by  a  general  law,  they 
seem  to  indicate  that  the  force  required  to  draw  a  nail,  driven 
across  the  grain  of  a  given  sort  of  wood,  varies  nearly  as  the  cvhe  oj 
the  square  root  of  the  depth  to  which  it  is  driven;  and  that  it 
increajses  with  the  diameter  of  the  nail,  but  in  a  noanner  which 
has  not  yet  been  expressed  by  a  mathematical  law. 

The  following  are  the  results  of  Bevan's  experiments  on  the  force 
required  to  draw  a  "  sixpenny  nail"  of  73  to  the  lb.,  which  hid 
been  driven  one  inch  into  different  sorts  of  timber : — 

Deal,  across  the  grain, 187  lbs.  (as  above.) 

Oak,  „  507    „ 

Elm,  „  327    „ 

Beech,  „  667    „ 

Green  Sycamore,     „     312    „ 

Deal,  endwise, 87    „ 

Elm,         „        257    „ 
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The  following  were  the  forces  required  to  draw  asunder  a  pair  of 
planks  joined  hj  two  nails  of  73  to  the  lb. : — 

Deal  I  inch  thick, 712  lb. 

Oak  1  inch  thick, 1009  ,, 

Ash  1  inch  thick, 1420  „ 

324.  Scnwa. — The  holding  power  of  screw-nails,  or  '' wood- 
screws,"  is  probably  proportional  nearly  to  the  product  of  the 
diameter  of  the  screw,  and  of  the  depth  to  which  it  is  screwed  into 
the  wood.  The  following  are  the  results  of  Sevan's  experiments, 
quoted  by  Tredgold,  on  the  force  required  to  draw  screws  out  of 
planks  of  half-iunrinck  thick,  the  screws  being  0*22  inch  in  diameter  / 
over  all,  and  0'03d  inch  in  depth  of  thread,  with  12  threads  to  the 
inch. 

Beech, •  460  to  990  lbs. 

Ash, 790  lbs. 

Oak, 760    „ 

Mahogany, 770    „ 

Ehn, 665    „ 

Sycamore,  830    „ 

325.  B*lt»— Waahen. — The  rules  for  proportioning  bolts  which 
have  to  withstand  a  shearing  stress  in  carpentry  have  already 
been  stated  in  Article  314,  p.  455. 

The  sides  of  a  piece  of  timber  should  always  be  protected  against 
the  crushing  action  of  the  head  and  nut  of  a  bolt  by  means  of  flat 
rings  called  '^  washers/*  the  area  of  each  washer  being  at  least  as 
many  times  greater  than  the  sectional  area  of  the  bolt  as  the  tenacity 
of  the  bolt  is  greater  than  the  resistance  of  the  timber  to  crushing; 
that  is  to  say,  for  flr  the  diameter  of  the  washer  may  be  made  about 
3^  times  the  diameter  of  the  bolt,  and  for  oak  about  2^  times. 

When  a  bolt  is  oblique  to  the  direction  of  the  beam  that  it 
traverses,  the  timber  may  either  have  a  notch  cut  in  it  with  a 
surface  perpendicular  to  the  bolt,  to  bear  the  pressure  of  the 
washer,  or  it  may  be  notched  to  receive  a  bevelled  washer  of  cast 
iron,  one  of  whose  surfaces  fits  the  notch  in  the  wood,  while 
anotiier  being  perpendicular  to  the  axis  of  the  bolt,  bears  the 
pressure  of  the  nut  or  head,  as  the  case  may  be. 

The  screws  of  bolts  are  usually  made  of  the  following  proportions, 
or  nearly  so :  the  depth  of  the  thread  one-tenth,  and  the  pitch 
one-fifth  of  the  internal  diameter.  A  bolt  which  has  to  be  often 
removed  may  be  made  fast  by  having  a  slot  or  oblong  hole  in  one  of 
its  ends,  through  which  a  key  or  wedge  is  driven. 

326.  Mr9u  amps  are  used  nearly  in  the  same  manner  with  bolts, 
to  bind  pieces  of  timber  together.  They  have  the  advantage  of  not 
requiring  so  much  of  the  timber  to*  be  cut  away  as  bolts  do. 
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According  to  tlie  Qsnal  proportions  <sf  stmps  flie  brefldhh  ranges 
from  four  times  to  eight  times  the  thickness:  When  «  strap  has 
ejes  in  its  ends,  for  Wting  them  to  the  sides  of  a  beam,  it  ought 
to  be  either  broadened  or  thickened  round  eadi  eye,  so  that  the 
sectional  area  of  the  iron  may  be  at  least  as  great  at  the  sides  of 
the  eye  as  in  other  parts  of  the  strap.'  When  a  strap  is  to 
embrace  completely  a  piece  or  pieces  of  timber,  it  may,  when 
practicable,  be  welded  into  a  rectangular  hoop,  and  dnyen  on 
nrom  one  end  of  the  timber;  but  when  that  is  impracticable  or 
inconyenient,  it  must  be  made  with  screws  on  its  ends,  of  the  same 
sectional  area  with  its  flat  part,  upon  which  screws  a  cross-piece  is 
to  be  made  &8t  with  nuts. 

327.  A  Mnw  is  a  strap  which 
supports  a  beam,  or  sustains  the 
thrust  of  one  end  of  a  strut.  If 
the  tie  or  suspending  piece  is  of 
Wood,  the  ends  of  the  stirrup  are 
bolted  through  it;  if  of  iron,  the 
stirrup  and  tie,  or  suspending  rod, 


^'  ^^^*  are  usually  welded  into  one  piece. 

328.  iMK  TUp-UmSm  may  be  used  instead  of  timber  ties  and  sus- 
pending pieces"  in  all  these  ports  of  a  frame  of  carpentry  in  which 
tension  alone  is  to  be  borne,  and  is  not  comlHued  with  a  bending 
action,  nor  alternated  with  thrust.  They  may  be  connected  with 
the  timber  pieces  of  the  frame  by  means  of  screws  and  nuts^  ey^ 
and  bolts,  uots  and  wedges,  stirrups  or  sockets;  and  they  shoold 
be  capable  of  being  tightened  when  required,  by  means  of  screws 
or  of  wedges.  Cai^  saust  be  taken  that  the  points  of  attachment 
of  the  ends  of  a  long  iron  tie-rod  are  free  to  change  iiieir  distance 
from  each  other  to  an  extent  sufficient  to  allow  cflf  the  chaxiges  of 
length  of  the  rod  which  are  produced  by  changes  of  temperature, 
at  the  rate  of  about 

•0012  of  the  length  of  the  rod,  for  180^  of  change  of  temperature 
on  Fahrenheit's  scale. 

329.  iMM  s*ck«ti,  made  to  fit  the  enda  ^  jaeces  of  timber 
furnish  a  convenient  means  of  making  various  joints  in  framework, 
especially  at  points  where  struts  m^  each  other,  or  have  to  be 
connected  with  tie-rods.  If  thrust  alone  is  to  be  borne  by  the 
socket,  cast  iron  is  the  most  convenient  material;  if  any  consider- 
able tension  is  to  be  borne,  strong  wrought  iron  plates  are  best 

330.  PMtsciiM  •!-  iim  FmmIi^^— The  iroR  &stenings  of 
timber,  especially  if  in  contact  with  oak,  rust  veiy  rapidly  miless 
properly  protected  Amongst  the  most  efficieni  means  of  pro- 
tection are  the  following :— 
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I.  Boiling  in  coal-tar,  especially  if  the  pieces  of  iron  have  first 
been  heated  to  the  temperature  of  melting  lead 

II.  Heating  the  pieces  of  iron  to  the  temperature  of  meltiog 
lead,  and  smearing  their  stirfaoes,  while  hot,  with  cold  linseed  oil, 
which  dries  and  forms  a  sort  of  varnish.  This  is  recommended  hj 
Bmeaton. 

III.  Painting  with  oil-paint,  which  must  be  renewed  from  time 
to  Hune,  The  linseed  oil  process  is  a  good  preparation  for  paint- 
ing. 

lY.  Coatiug  with  zinc,  commonly  called  galvanizing.  This  is 
efficient,  provided  it  is  not  exposed  to  acids  capable  of  dissolving 
the  zinc;  but  it  is  destroyed  by  sulphuric  acid  in  the  atmos- 
phere of  places  where  much  coal  is  burned,  and  by  muriatic  acid  in 
the  neighbourhood  of  the  sea. 

SacnoN  111—0/  Timb&r  BuOt  Beami  cmd  i^tbn 

331.  J«gg1ed  mmA  Imteated  BaUt  Bema.  —  In  fig.  108  twO 
pieces  of  timber  are  built  into  one  beam  of  double  the  depth  of 
either,  by  the  aid  of  hardwood  k&ys 
or  joggles^  which  resist  the  shearing 


stress  at  the  surface  of  junction,  and 

of  vertical  bolts  in  the  epeuses  between  j-    ^^g^ 

the  keys.  It  is  obvious  that  no  key  nor 

bolt  should  be  put  at  the  middle  of  the  span;  because  in  general  there 

is  no  shearing  stress  there;  and  also  because  the  bending  moment 

is  in  general  a  maximum  there,  and  it  is  desirable  to  weaken  the 

cross-section  as  little  as  possible.     The  grain  of  the  keys  should  run 

vertically.     According  to  Tredgold,  the  joint  depth  of  all  the  keys 

should  amount  to  once  cmd  ct-third  the  total  depth  of  the  beam, 

and  the  breadth  of  each  key  should  be  twice  its  depth. 

Considering  that  the  stress  at  the  neutral  surface  is  equivalent 
to  thrust  in  a  direction  sloping  ^_  v^_  %^  .^  ft    i^    f^  it 

at  46^,  combined  with  tension  ]  *^^ » \ »Vs^<»^h  ,^^^ ^ > ''♦^^n 
in  a  direction  sloping  at  45'*the  '-■  V  V  \  >i  ^f  '^  ^  ^  ^ 
opposite  way  (see  Article  162,  ^- 19»- 

p*  250),  it  would  seem  that  the  best  position  for  the  keys  would  be 
that  shown  in  fig.  199,  their  fibres  being  made  to  slope  in  the 
direction  of  the  thrust,  and  the  bolts  being  made  to  slope  in  the 
direction  of  the  tension.  This,  however,  so  far  as  I  know,  has 
never  yet  been  tried 

In  %^^,  200  the  two  pieces  of  which  the  beam  is  built  are  in- 
^nted  into  each  other,  a  sacrifice  of  depth  being  thus  incurred 
equal  to  the  depth  of  an  indent.  The  abutting  surfaces  of  the 
indents  face  outwards  in  the  upper  piece,  and  inwards  in  the 
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lower,  BO  as  to  resist  the  tendency  to  slide.     According  to  expen- 
ments  by  Duhamel,  the  joint  depth  of  the  indents  should  amotrat 

to  tuxy-tkirds  of  the  total  depth, 
of  the  beam.  The  beam  in  the 
figure  is  slightly  tapered  from 
the  middle  towards  the  ends^ 
in  order  that  the  hoops  which 


FfqF^bz-f— fc^ 


Fig.  200. 


are  used  to  bind  it  may  be  put  on  at  the  ends  and  driven  tight  with 
a  mallet. 

When  a  beam  in  built  of  several  pieces  in  length  as  well  as  in 
depth,  they  should  break  joint  with  each  other.  The  lower  layer 
should  be  scarfed  or  fished  like  a  tie  (Article  314,  p.  454),  and  the 
upper  layer  should  have  plain  butt  joints.  The  upper  layer  oisL 
built  beam  is  sometimes  made  of  hardwood,  and  the  lower  Itkye^  of 
fir,  in  order  to  take  advantage  of  the  resistance  of  the  former  to 
crushing  and  the  tenacity  of  the  latter. 

332.  BcBC  Bito  are  sometimes  obtained  from  naturallj  bent 
pieces  of  timber,  called  "  knees.*' 

Naturally  straight  pieces  of  timber  may  be  permanently  bent  by 
steaming  them  until  the  wood  is  softened,  and  while  in  that  con- 
dition bending  them  by  combinations  of  screws,  and  keeping  them 
bent  until  they  dry  and  stiffen.  By  this  process  there  is  a^  risk  of 
injuring  the  tenacity  of  the  fibres  at  the  convex  side  of  the  piece, 
unless  they  are  prevented  from  stretching  by  the  following  con- 
trivance (see  fig.  201) : — A  A  is  the  piece  of  wood  to  be  bent  Its 
ends  abut  against  the  bent  parts  of  a  strip  of  boiler-plate  B  B, 

which  has  two  eyes  C  C, 
that  are  drawn  together  by 
a  pair  of  tightening-screws 
at  D  till  the  required  cur- 
vature is  produced.  The 
whole  of  the  fibres  of  the 
timber  are  compressed,  and 
none  of  them  have  their  tenacity  injured;  and  it  is  found  by 
experiment  that  bent  ribs  made  in  this  way  are  as  strong  as 
natural  knees. 

333.  BaUt  Bib*  are 
best  made  by  a  method 
invented  by  Philibert 
de  rOrme,  and  repre- 
sented in  figs.  202,  203, 

■  n.n       nnn.n       nnn.n         j^^d  204.      Fig.   202  is 

■  Lf     —  'MM     M      ij'uM     u     u"      a  side  view,  and  £ig. 

Fig.  208.  203  a  plan  of  a  rib 

made  of  several  layers  of  planks  aet  an  edge,  breaking  joint  with 


Ilg.  201. 


Fig.  202. 
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eacli  other  (as  the  plan  ahows),  and 
connected  together  by  square  bolts  or 
wedges. 

In  fig.   202  the  edges  of  the  planka 
are     supposed    either    to    have  been  Fig.  204. 

originallj   cnryed^  or    have    had    the 

comers  smoothed  off:  in  fig.  204  it  is  sho^vn  how  thej  may  be 
used  witli  straight  edge& 

A  built  rib  of  this  sort,  properly  constructed,  is  nearly  as  strong 
as  a  solid  rib  of  the  same  depth,  and  of  a  breadth  less  by  the  thick- 
ness of  cnne  louyer, 

334.  i^ii—tftdi  Bite  are  composed,  as  in  fig.  205,  of  layers  of 

plank  laidJlcUtnse,  breaking  joint 

and  bolted  together.      They  are 

easily  made,  and  very  often  used 

in  bridges  and  roo£3;  but  the  ex- 
periments of  Ardant  have  shown     ^  j^  205. 

that  tbey  are  weaker  than  solid 

ribs  of  the  same  dimensions,  nearly  in  the  ratio  of  unity  to  the 

number  of  layers  into  which  they  are  divided 
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335.  CIcBenil  BcMwlia  •■  the  Balaace,  flmMlltf,  mmA  StKBglk  •f 
TiaAcr  VnuMlMs. — The  general  principles  of  the  balance  and  stability 
of  frames  and  ribs  of  any  material,  already  given  in  Part  II.,  Chapter 
I.,  Section  JV.,  pp.  173  to  203,  and  the  general  principles  of  the 
strength  of  materuds,  given  in  the  same  chapter,  Section  Y.,  pp. 
221  to  314,  serve  to  solve  all  problems  relating  to  the  balance, 
stability,  and  strength  of  structures  in  carpentiy.  In  the  present 
section  it  will  only  be  necessary  to  add  some  explanations  of 
matters  of  detail  in  those  particular  cases  which  occur  most 
frequently  in  practice.  In  fixing  the  transverse  dimensions,  or 
^^ ecanilingsy'  of  the  main  pieces  of  timber  which  compose  a 
structure  of  carpentry,  made  of  good  pine,  fir,  or  oak,  it  is  usual  to 
limit  the  greatest  intensity  of  fiie  stress,  whether  compressive  or 
tensile,  to  1,000  lbs.  per  square  inch  of  section;  and  when  this  is 
compared  with  the  tenacity,  resistance  to  crushing,  and  modulus  of 
rupture,  of  those  kinds  of  timber,  it  appears  that  the  factor  of 
safety  ranges  from  6  to  14,  or  thereabouts,  and  is  on  an  average  10, 
as  has  been  stated  in  Article  143,  p.  222. 

336.  PiatArais  of  timber  consist  of  planks  resting  on  beams. 

The  beams  upon  which  the  planks  rest  may  either  be  the  main 

beams  or  girders  of  the  structure,  or  they  may  be  cross-beams  or 

iwto,  supported  by  those  girders.     (Articles  317,  318,  pp.  456, 

^  3h 
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457.)  The  former  mode  of  oonstniction  is  thai  which  enahLee  t 
given  strength  to  be  attained  with  the  least  expenditure  of  materid 
and  labour  at  the  outset ;  but  the  latter,  in  most  cases,  is  the  more 
economical  in  the  end;  for  although  it  causes  a  greater  expenditure 
of  material  in  joists  than  it  saves  by  requiring  thinner  planking, 
the  saving  in  the  quantity  of  planking  is  productive  of  the  greatest 
saving  of  expense;  for  the  planking  requires  more  frequent  renewal 
than  the  joists. 

It  would  be  foreign  to  the  purpose  of  this  book  to  describe  the 
various  modes  of  constructing  the  floors  of  houses.  The  timber 
platforms  with  which  the  civil  engineer  is  chiefly  concerned  are 
those  of  bridges  and  of  foundations.  The  latter  will  be  described 
further  on. 

The  usual  thickness  of  the  planking  for  the  platform  of  a  bridge 
with  joists  is  from  3  to  4  inches,  the  joists  being  placed  at  distances 
of  from  2  feet  to  4  feet  from  centre  to  centre.  That  thickness  has 
been  found  by  experience  to  be  requisite  in  order  to  withstand  the 
shocks,  friction,  and  wear,  to  which  the  planking  is  subjected,  and 
is  in  general  much  greater  than  is  required  for  mere  strength  to 
support  the  greatest  load  with  safety. 

In  bridges  supporting  railways  where  chairs  are  used,  the  joists 
are  usually  so  arranged  as  to  be  directly  under  the  chairs. 

The  breadth  of  the  joists  is  from  one-eighth  to  one-quarter  of 
their  distance  apart;  and  their  transverse  dimensions  are  Bxed 
with  reference  to  the  greatest  load  upon  them  and  to  the  width 
which  they  span  over  between  the  girdei's.  For  timber  bridges  and 
platforms  not  carrying  railways,  that  load,  in  lbs,  per  square  fooi  of 
pla^/armf  ia  nearly  as  follows : — 

Weight  of  a  closely-packed  crowd,  estimated  at  1 20  lbs.  per  sq.  ft- 

Add  for  the  planking  and  joists,  say  30,,  „ 

Gross  load  for  a  single  wooden  platform, 150  »  »» 

K  there  is  a  broken  stone  or  gravel  roadway,  add  1 00  „  „ 

Making  in  all 250,,  „ 

When  the  platform  carries  a  railway,  the  scantling  of  each  joist 
must  be  regulated  by  the  fSact,  that  Uie  load  on  a  pair  of  driving 
wheels  of  the  heaviest  engine  used  on  the  line  may  rest  above « 
certain  pair  of  points  in  the  joist.  Should  the  rails  be  either 
directly  above  the  girders,  or  so  nearly  above  them  that  this  rule 
gives  a  less  scantling  than  the  former,  the  rule  for  platforms  not 
carrying  railways  is  to  be  followed. 

The  best  mode,  in  general,  of  designing  the  joists,  is  to  fix  the 
vatio  of  the  depth  to  the  span  with  a  view  to  stiffiiess,  as  ex- 
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plained  in  Article  170^  p.  275,  and  then  compnte  the  breadth  with 
&  ^ew  to  strength. 

The  following  fonnuls  express  the  results  of  these  roles  algebrai- 
cally. 

Case  L  For  platforms  not  carrying  railways,  let 

B  be  the  distance  from  centre  to  centre  of  the  joists. 
h,  the  breadth  of  a  joist. 
h,  its  depth. 

ly  the  span  from  centre  to  centre  of  the  girders;  then  the 
greatest  moment  of  flexure  is  to  be  as  follows : — 


1,000  6^2    150  BZ2.      ,    ,         , 

g        =  "gTuT  ^^^  P^°^  roadways ; 

for  broken  stone  roadways ; 


.(1.) 


.(2.) 


8x144 
and  consequently, 

B  "  T2S0¥  ^^^  P^*^  roadways; 

fi "  7fiQL2  ^^^  broken  stone  roadways. 

Case  II.  For  a  platform  carrying  a  railway,  in  which  one  line  of 
rails  lies  midway  between  a  pair  of  girders;  let 

W  be  the  load  on  a  pair  of  driving  wheels  of  the  heaviest 

engine,  in  lbs. 
ky  the  gauge  of  the  rails, ^om  centre  to  centre  in  inches;  then, 

I  being  also  expressed  in  inches, 


1,000  b  A2 


.^^; (3.) 


6        "         4 
and  therefore 

^    2,000'        h^      ^**^ 

Example. — Let  Z  =  90 inches;  k  =  60 inches;  h=l2  inches;  W  = 
30,000  lb. ;  then  b  =  9-375  inches. 

As  to  the  length  and  weight  of  the  spikes  to  be  used  for  nailing 
the  planks  to  the  joists,  see  Article  323,  p.  460. 

When  a  platform  has  both  girders  and  joists,  it  may  be  stiffened 
against  distortiou  by  laying  the  planks  diagonally.  When  separate 
diagonal  braces  are  used  for  that  pui-pose,  their  dimensions  diould 
be  regulated  by  the  horizontal  shearing  stress  which  the  wind  may 
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pToduoe  when  blowing  against  the  side  of  the  sCructtire,  as  cal- 
culated by  the  formula  for  F  in  Case  Y L  of  the  table,  pi  246.  The 
greatest  intensity  of  the  pressure  of  the  wind  hitherto  observed  in 
Britain  is  65  lbs.  on  the  square  foot;  in  tropical  climatea  ii  is 
said  sometimes  to  reach  double  that  amount 

When  there  is  no  special  reason  for  making  a  timber  platfom 
dose-jointed,  it  is  advisable  to  lay  the  phuaks  with  openings 
between  them  of  from  \  inch  to  ^  inch  in  width,  in  order  to  kit 
rain-water  escape  and  air  circulate. 

337.  B«0lk— €«T«viBc  mmA  j^mmd. — The  parts  of  a  roof  may  be 
distinguished  into  the  covering  and  the  JramewarL  The  extent  of 
the  covering  of  a  roof  is  usually  exproned  in  squares  and  Jhei^  a 
equare  of  roofing  being  100  square  feet.  The  following  table  shows 
the  structure  and  weight  in  lbs.  per  square  foot  of  the  most  usual 
kinds  of  covering  for  timber  roofs,  and  their  flattest  ordinary  slopes  :* 

Matkbial. 

Sheet  copper,  about  *022  of  an ) 
inch  thick, j 

Sheet  lead, 

Sheet  zinc, 

Sheet  iron,  plain,  -^  inch  thick, ... 
„  corTU0Bited, 

Cast  iron  plates,  |  inch  thick, 

Slates, 

Tiles, 

Boarding,  f  inch  thick, 22^' 

(Weight  of  other  thicknesses  in 
proportion.) 

Thatch, 45^ 

For  the  timbering  of  slated  and 
tiled  roofe,  add  per  square  foot, 

For  the  pressure  of  the  wind,  ac- 
cording to  Tredgold,  there  is  to 
be  taken  into  account  an  ad- 
ditional load  per  square  foot  of 

Sheet  copper  is  nailed  on  boards.  Sheet  lead,  zinc,  and  iron, 
slates,  and  tiles,  may  be  either  nailed  on  laths  or  battens  (which 
are  slender  pieces  of  timber  of  from  1  inch  by  1^  inch  to  1^  inch 

*  The  angles  set  down  for  the  slopes  of  rDO&  in  this  table  are  all  aliquot  parts  of  a 
circumference;  snch  angles  being  at  once  the  most  convenieat  in  designing  framework, 
and  the  most  pleasmg  to  the  eye.  (The  latter  fact  appears  to  have  been  fixst  pointed 
out  by  Mr.  Hay  m  his  Theory  ^Beauty.) 


nattMtOidi- 

Weight  per  Square 

naiySIop*. 

Foot— Ua. 

4' 

i-oo 

4" 

7-00 

4°. 

1*25  to  I '625 

4° 

300 

4° 

3*40 

4" 

1500 

30°  to  aa, 
30°  to  aa; 

5-00  to  ii-ao 

6-50  to  17-80 

aai" 

a-5o 

45° 

650 

fi»m  5-50  to  6-50 

40 
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by  3  inches,  or  thereaboTits,  nailed  acroes  the  rafben),  or  upon  board- 
ing of  from  ^  inch  to  |  inch  thick.  Sheet  iron  may  be  nailed  or 
screwed  directly  to  the  rafters,  and  cast  iron  plates  screwed  or 
bolted  to  the  principal  rafters  to  be  afterwards  mentioned.  Eoofs 
in  which  the  framework  as  well  as  the  covering  is  of  iron  will  be 
treated  of  in  another  chapter. 

The  steepest  ordinary  declivity  in  Gothic  roofs  is  60**;  but  by  the 
Metropolitan  Building  Act,  1855,  the  declivity  of  the  roo&  of 
biuldings  used  for  purposes  of  trade  is  limited  to  47°. 

^338.  iteAcn  mad  PntiiMs  are  those  parts  of  the  framework  of  a 
roof  which  lie  immediately  below  the  covering,  so  as  to  form  with 
it  a  more  or  less  sloping  platform.  In  fig.  206,  A  A  is  one  of  the 
common  nkfters,  which  are  placed  from  1  foot  to  2  feet  apart  from 
centre  to  centre,  and  are  supported  by  the 
purlinsy  to  which  they  are  spiked  or 
screwed.  B  is  a  cross-section  of  one  of 
the  purlins,  which  lie  from  6  feet  to  8  feet 
apart  from  centre,  asd  are  slightly  notched 
where  they  cross  the  principal  rafters. 
The  side  of  the  purlin  which  £BU>es  down 
the  slope  is  supported  by  means  of  the  "^  yig,  206. 
block  0,  which  is  screwed  to  the  principal 
rafter  D  D.  The  principal  rafters  form  parts  of  a  series  of  frames  or 
trusses,  which  are  placed  at  from  5  to  10  feet  apart  In  order  to 
prevent  the  action  of  transverse  loads  on  the  principal  rafters,  they 
are  to  be  supported  below  each  point  where  the  purlins  cross  them 
by  struts,  such  as  that  of  which  the  upper  end  is  shown  at  R 

Diagonal  Braces,  to  stiffen  the  roof  and  stay  the  trasses  against 
upsetting  sideways,  may  be  framed  either  between  the  rafters  or 
between  the  purhns.  No  precise  rule  can  be  given  for  their 
scantling;  but  they  will  in  general  be  strong  and  stiff  enough 
if  each  transverse  dimension  is  made  one-twentieth  part  of  the 
unsupported  length.  When  the  roof  is  boarded,  the  same  purpose 
may  be  answered  by  laying  the  boards  diagonally. 

339.  lU^f-otniMca  are  Barnes  of  the  kinds  already  discussed  in 
Articles  114  to  120,  pp.  176  to  184,  in  which  the  principles  that 
r^ulate  the  thrusts  and  tensions  along  the  several  pieces  have  been 
explained.  In  the  present  Article  it  is  only  necessary  to  state 
what  particular  cases  of  such  frames  are  the  most  common  in 
practice. 

L  TRiAKauLAB  Tbuss. — Fig.  207  is  a  skeleton  figure  of  the 
simplest  form  of  truss,  which  is  an  isoceles  triangle,  B  B  being  the 
tie-beam,  and  A  and  C  equally  inclined  principal  rafters.  2  and  3 
are  the  points  of  support,  1  the  ridge.  D  is  a  suspending-piece, 
vhich,  when  of  wood,  is  called  the  king-post,  and  when  of  iron,  the 
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Mn^p-Aob;  it  sapportB  the  weight  of  the  middle  half  of  the  tie-beun, 


and  of  any  floor  or  other  load  with  which  that  heam   may  be 
loaded.  ^ 

In  the  diagram,  fig.  208,  the  vertical  line  C  A  represents  the 
load  on  the  point  1 ;  that  is,  half  the  gross  weight  of  the  roof;  O  C 
and  O  A,  parallel  to  the  two  rafters,  represent  the  throsts  along 
them ;  and  the  horizontal  Une  O  B  represents  the  tension  along  the 
tie-b^un. 

The  algebraical  expression  of  this  is  as  follows ! — 
Let  W  be  the  gross  weight  of  the  truss,  together  with  that  of 
the  division  of  the  roof,  of  which  it  occupies  the  middle,  and  that  of 
the  floor,  or  other  load  supported  by  the  tie-beam. 

e,  the  half-span  of  the  truss. 

k,  its  rise. 

H,  the  tension  along  the  tie-beam. 

T,  the  thrust  along  each  of  the  rafters;  then 


==^^t.V(h-*^ (•) 


11.  Trapezoidal  Tbuss.— In  ^g.  209,  B  B  B  is  the  tie-beam,  A 
and  C  two  equally  inclined  principal  rafters,  F  a  horizontal  rafter 
or  straining-piece.     D  and  E  are  suspending-pieces,  to  cany  part  of 

the  weight  of  the  tie-beam,  and 

also  that    of  the    floor,   which 

tie-beam 

5  and  6, 


f^       Jj"  f  also  that    of  the    floe 

c/r^*'''''"-,.^^---'''  ^\a  usually  rests  on  the 

>^      * '''^*'"*   ^''''"^-  ^  ^s.^     between   the   points  i 


B  5     B      '     together  with  its  load. 

Fig.  209.  The  same  diagram  of  forces 

as  in  the  former  case,  fig.  208, 
applies  to  this  case ;  it  being  understood  that  C  B  =  B  A  represent 
the  loads  on  the  points  1  and  4  respectively;  that  is,  on  each  of 
those  ix)intB,  ons  quarter  of  the  weight  of  the  roof  and  truss,  and  half 
the  weight  of  the  floor  between  the  points  5  and  6.  The  hori- 
zontal line  0  B  represents  at  once  the  tension  along  the  tie-beam, 
and  the  thrust  along  the  straining-piece  F. 

The  part  of  the  roof  above  the  straining-piece  F  may  either  be 
flat,  or  may  be  supported  by  a  small  triangular  aecandary  truss 
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(see  Article  121,  p.  184),  smiilar  to  fig.  207,  and  restmg  on  the 
points  1  and  4.  The  straining-piece  ¥  of  the  principal  trass  may 
be  made  to  act  also  as  the  tU-beomi  of  the  secondary  truss ;  in  which 
case  the  thrust  along  it  will  be  the  exceia  of  the  horizontal  stress  H 
m  the  principal  truss  above  that  in  the  secondary  truse. 

III.  Sboondaby  Tbussihg  uin>EB  Pbincipal  EAFTERa — ^The 
direct  support  of  the  points  where  the  purlins  cross  the  rafbers^ 
already  mentioned  in  ArfAcie  338,  p.  469,  is  effected  by  means  of  a 
'System  of  secondary  trussing,  of  which  fig.  210  may  be  taken  as  an 
example.  That  figure  represents  a  truss  in  which  the  main  tie  and 
the  suspending-pieces  are  all  iron  rods;  but  it  is  applicable  also  to 
the  case  in  which  either  some  or  all  of  those  pieces  are  of  timber. 
(A.  Af.,  159.) 

Let  W  be  the  weight  of  the  roof  distributed  over  the  points  3, 
4,  6,  1,  8,  10,  2,  so  that  one-tiodfth  rests  directly  on  each  of  the 
points  of  support  2  and  3,  and  one-sixth  on  each  of  the  five 


intermediate  points;  2  3  is  the  great  tie-rod;  1  7,  6  5,  8  9,  suspend- 
ing-rods;  7  6,  7  8,  5  4,  9  10,  struts. 

(1.)  Primary  Truss  1  2  3. — ^The  load  at  1,  as  before,  is  to  be 
taken  as  =  ^  W,  and  the  stresses  found  by  equation  1  of  this 
article. 

(2.)  Secondary  Trusses  7  6  3,  7  8  2.— The  load  at  6  is  to  be  held 
to  consist  of  one-half  of  the  load  between  6  and  1,  and  one-half  of 
the  load  between  6  and  3 ;  that  is,  one-half  of  the  load  between  1 
and  3,  or  ^  W.  The  trusses  are  triangular,  each  consisting  of  two 
struts  and  a  tie,  and  the  stresses  are  to  be  found  as  in  Article  115, 
p.  177;  that  is  to  say,  let  H'  denote  the  horizontal  stress  in  each 
of  these  secondary  trusses;  T'  the  thrust  along  the  rafters  between 
6  and  3,  and  between  8  and  2,  due  to  their  places  in  those  trusses; 
and  S'  the  thrust  along  the  struts  67  and  87 ;  then 

The  suspension-rod  1  7  supports  two-thirds  of  the  load  on  7  6  3, 
and  two-thirds  of  the  load  on  7  8  2;  that  is,  f  •  J  •  W=  J  W;  and 
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tloB,  together  with  ^  W,  which  rests  dM^dUy  cm  1,  nukes  up  the 
load  of  \  Wf  abeadj  mentioned. 

(3.)  Smaller  Secondary  Trusaee  3  4  5, 9  10  2.— ikeh  of  the  pointB 

4  and  10  sustains  a  load  of  ^  W,  from  which  the  stresses  on  ike 
bars  of  those  smaller  trasses  can  be  determined  as  foUows : — 

One-half  of  the  load  on  4,  that  is,  A- W,  hangs  by  the  sospen- 
sion-rod  6  5;  and  this,  together  with  }  W,  which  rests  directly  on 
6,  makes  np  the  load  of  ^  W  on  that  point,  formerly  mentioned 
The  same  remarks  apply  to  the  suspension-rod  8  9. 

(4.)  ResuUant  Stresees, — ^The  puU  between  5  and  9  is  the  sum  of 
those  due  to  the  primaty  and  larger  secondary  trusses ;  that  between 

5  and  3,  and  between  9  and  2,  is  the  sum  of  the  pidls  due  to  the 
primary,  larger  secondary,  and  smaller  secondary  trusses;  that  is 
*o  say, 

^ + ^ = T/'  ^ + ^' + H" = -Sk'' (^•) 

The  thrust  on  1  6  is  due  to  the  primary  truss  alone;  that  on  6  4 
to  the  primary  and  larger  secondary  tniss;  that  on  4  3  to  the 
primary,  larger  secondary,  and  smaller  secondary  trusses;  and 
similarly  for  the  divisions  of  the  other  rafter. 

(5.)  General  Caee, — Suppose  that  instead  of  only  three  divisions, 
there  are  n  divisions  in  each  of  the  rafters  1  3, 1  2,  of  fig.  78;  so  that 
besides  the  middle  suspension-rod  1  7,  there  are  n  —  2  suspension- 
rods  under  each  rafter,  or  2  n  —  4  in  all;  and  n  —  1  sloping- 
struts  under  each  rafter,  or  2  n  —  2  in  all  There  will  thus  be 
2  n  —  1  centres  of  resistance;  that  is,  the  ridge-joint  1  and  n  —  1 
on  each  rafter;  and  the  load  directly  au^pported  on  each  of  these 

points  will  be  TT-. 

W 

The  total  load  on  the  ridge-joint  1,  will  be  as  before,  -^;  that 

W  "W"  /         1\ 

to  say,  ^  directly  supported,  and  -k-  \l J  hung  by  the 

middle  suspension-rod. 

The  total  load  on  the  upper  joint  of  any  secondary  truss,  distant 

from  the  ridge-joint  by  m  divisions  of  the  rafter,  will  be, j 

"W;  that  is  to  say,  ^  directly  supported;  and j "W  hung 

by  a  suspension-rod. 


IS 
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The  stresses  on  the  struts  and  tie  of  each  trass,  prunaiy  and 
seoondaiy,  being  determined  as  in  Article  115,  are  to  be  combined 
as  in  the  preceding  examples. 

The  following  ^rmule  give  the  horizontal  stress  H.,  the  thrust 
along  the  rafter  T«,  and  the  thrust  along  the  strut  S«,  in  that 
secondary  truss  which  has  its  highest  point  at  m  divisions  of  the 
rafter  from  the  ridgejoint : — 

We 

BL  ==  7 — 7 ;  (being  the  same  for  each  secondary  truss)  j...(5.) 

Tt  n  rC 

(also  the  same  for  each  secondaiy  trusa)         j 

It  follows  that  the  total  tensions  on  the  several  divisions  of  the 
tie-rod  and  thrusts  on  the  several  divisions  of  the  rafters,  com- 
mencing at  the  divisions  next  the  middle  suspending-rod,  are  as 

follows  (making  -j-r-  =  H,  and  t"\/    (m+  l)  =  T,  as  in  the 
equations  Ij; 

hO+D'^0+'>*^'  •  •  •  •  H-^^''(«) 

T;t(i  +  1);t(i  +  ?);&c.,  .     .     .     T  •  ^i^.  (9.) 

In  timber  roofis,  instead  of  resisting  the  horizontal  thrust  of  such 
struts  as  4  5  and  9  10  by  means  of  tie-rods,  it  is  usual  to  make 
their  lower  ends  abut  against  a  horizontal  strut  or  straining-piece 
laid  on  the  top  of  the  main  tie-beam,  and  extending  from  5  to  9 ; 
the  object  being  to  give  transverse  strength  to  the  tie-beam.  In 
that  case  the  tension  is  uniform  along  the  whole  length  of  the  tie- 
beam,  being  H  •  ^-5-=-^. 

IV.  Gothic  Koof-Trussbb  belong  to  the  class  of  "  Open  Poly- 
gonal Frames,"  already  mentioned  in  Article  117,  p.  179;  and  they 
exert  oblique  thrust  against  the  walls  or  buttresses  which  support 
^em.  The  framing  is  so  designed  as  to  make  the  horizontal  com- 
ponent of  that  thrust  as  small  as  possible. 
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Fig.  211  may  be  taken  as  an  example.     In  ihia  tran  B  C  and 

B*  Care  horizontal  ties,  each  exteaidiiif 

oyer  one-quarter  of  the  span,  and  £  F 

is  a  suBpending-piece;  all  the  odier 

pieoea  are  struts.      The  strata  A  C 

and  A'  C  are  curbed  for  the  sake  of 

architectural    effect;    their    stimighi 

lines  of  resistance,  which  are  parallei 

to  the  rafters,  are  marked  bj  dots. 

The  curved  pieces  C  F,  C  F,  are  mere 

pi^  jj^j^  '^     stays,  to  provide  agabist    casual  ii^ 

regularities  of  the  load. 

The  lines  of  resistance  of  the  primary  tribss  are  the  horizontal  line 

D  jy,  and  the  dotted  lines  A  D,  A'  D'.     The  diagram  of  forces  is 

formed  thus:— In  fig.  212,  draw  O  H  horizontal,  H  G 

vertical,  and  O  G  |l  A  D.     Take  H  G  to  represent  a-8ths 

of  the  weight  of  the  truss  with  its  load;  tiien  will  O  H 

represent  the  horizontal  stress,  and  O  G  the  oblique 

thrust  exerted  along  D  A  against  the  abutment. 

The  dotted  line  D  A  is  the  line  of  resistance  of  a 
"Big,  212.      frame  or  compound  strut,  consisting  of  the  four  struts 
A  B,  A  0,  B  D,  and  C  D,  and  the  tie  B  C.     The  stresses 
on  these  pieces  are  represented  as  follows : — 

the  tension  on  B  C,  by  O  H  (fig.  212.) 

the  thrusts  alongBDandAC,byOK||BD||AG;  (K  bisects 

HG); 
the  thrust  on  D  C  by  K  H  =  ^ths  of  gross  load; 
the  thrust  on  B  A  by  IJ  K  H  =  ^ths  of  gross  load. 

BED'  forms  a  secondary  truss,  loaded  at  E  with  one-quarter  of 
the  gross  load;  D  D'  is  the  tie  of  this  truss  as  well  as  tlie  straining 
piece  of  the  primary  truss;  and  the  tension  arising  from  the  action 
of  the  secondary  truss  is  to  be  subtracted  from  the  thrust  due  to 
the  action  of  the  primary  truss,  to  find  the  resultant  thrust  along 
D  D',  which  is  thus  found  to  be  represented  by  J  O  H.  The 
thrust  along  £  D  is  represented  by  ^  O  K. 

340.  Sirenftk  of  Tl«-Beamst  Scmt-Beama,  aad  Beat  Simts. — Let 
H  be  the  gi^eatest  direct  working  stress,  whether  tension  or  thrust, 
along  the  line  of  resistance  of  a  given  piece  whose  breadth  is  b  and 
depth  h;  M  the  greatest  working  bending  moment,  whether  arising 
from  a  transverse  load,  or  from  the  neutral  axis  of  the  piece  not 
coinciding  with  the  line  of  resistance  (in  which  latter  case  M  =  H 
X  greatest  distance  of  the  neutral  axis  from  the  line  of  resistance); 
'  the  greatest  safe  working  intensity  of  stress;  then. 
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/■"n+'J^ ■■ (•■) 

and  if  h  has  l)een  fixed  beforehand,  h  is  given  by  the  formula 

»=(?+^*>-- « 

As  already  stated,  f  =  1,000  lbs.  per  square  inch  in  ordinary 
carpentry. 

341.  JBri«ic»^rnu»M« — ^A  bridge-truss  is  usually  one  of  two  or 
more  parallel  frames  of  carpentry,  which  act  as  girders,  in  support- 
ing the  croBs-beams  or  joists  of  the  platform  of  a  bridga  (Article 
336,  p.  465.)  The  principal  stiTits  which  it  contains  may  spring 
either  from  a  tie-beam,  like  the  rafter  of  a  roof,  from  iron  sockets 
connected  by  means  of  a  tie-rod,  or  from  suitable  piers  and  abut- 
ments of  timber  or  stone.  The  most  usual  elementary  figures  of 
bridge-trusses  are,  like  those  of  roof-trusses,  the  triangle  {^g.  207), 
and  the  trapezoid  (fig.  209);  and  the  principles  of  their  stabiliiy 
and  equilibrium  are  the  same,  except  that  in  a  bridge-truss,  special 
provision  must  be  made  for  the  unequal  distribution  of  the  load, 
both  transversely  and  longitudinally. 

I.  LochI  Unequal  Transversely, — ^This  case  occurs  chiefly  in 
bridges  for  double  lines  of  railway,  when  one  track  is  loaded  and 
the  other  unloaded.  The  proportions  in  which  the  rolling  load  is 
distributed  over  the  girders,  when  there  are  only  two  of  them,  is 
simply  the  inverse  ratio  of  the  horizontal  distances  of  its  centre  of 
gravity  from  the  two  girders  (Article  112,  p.  174);  but  there  are 
often  more  than  two  girders,  most  frequently  four;  and  then,  in 
order  to  determine  the  proportions  in  which  the  load  is  distributed 
over  them,  the  assumption  is  made  that  the  cross-beams  remain 
sensibly  straight;  so  that  the  difference  between  the  deflections  of 
any  two  of  the  girders,  and  consequently  the  diflerence  between  the 
shares  of  the  load  borne  by  them,  is  proportional  simply  to  the 
distance  between  them. 

To  illustrate  the  application  of  this,  let  the  girders,  and  the 
rolling  load  which  by  means  of  a  cross-beam  is  made  to  rest  on 
them,  be  arranged  in  cross-section  as  follows : — 

W 
A        B      O      C        D 

^  denotes  the  position  of  the  centre  of  gravity  of  the  rolling  load; 
0  the  centre  Ime  of  the  platform;  A,  B,  C,  D,  the  four  girders. 
Then, 
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the  mean  share  of  the  rolling  load  borne  by  each  girder  will  be 

To  find  the  deviations  from  that  mean  share,  let 

OB  =  «i;  0A  =  «2;  0  0=:  — «i;  0D=  — 2^; 

and  let  the  harizonUd  distance  from  O  to  W  be  z^ 

The  deviation  from  the  mean  of  the  load  on  anj  girder  whose 
distance  from  the  centre  line  is  z  must  be  a  «y  a  being  a  oo-eflScient 
to  be  determined  by  the  condition  that  the  moment  of  W  reladveJj 
to  O  is  equal  and  opposite  to  the  sum  of  the  moments  of  the  resist- 
ances of  the  beams  relatively  to  the  same  axis:     This  condition, 
expressed  in  symbols,  gives  W'  «^  =  2  a  («f  +  4);  whence 
W« 
a  =  ^-y ,  i^<i\)  ^^^  ^^  shares  of  the  rolling  load  on  the  four 
Z  [Zi  -f-  «^t) 

girders  are  as  follows : — 


..(1.) 


When  the  share  of  the  load  on  D,  as  often  happens,  proves  to  be 
negcUive,  it  shows  that  the  girder  frirthest  from  the  loaded  trade  is 
pulled  vfioarda  by  the  platform. 

As  a  numerical  example,  let  the  bridge  be  one  under  an  ordinaiy 
narrow  gauge  railway,  and  let  the  four  girders  be  exactly  under  the 
four  rails  respectively ;  so  that  we  may  make,  with  suJQicient  ac- 
curacy for  the  present  purpose, 

«i  =  3  feet;  z^=zS  feet;  z^  =  5^  feet; 


then. 


loadonA=:W'Q+  ||)=+'.551W' 
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These  refmlts  have  been  verified  bj  carefhl  experimentB  on  a 
great  scale. 

The  xnoet  important  of  them  practically  is  the  share  of  the  load 
on  A,  being  the  greatest  share.  In  order  to  arrange  the  girders 
so  that  this  share  shall  not  exceed  (yne-half,  the  following  equation 
should  be  fulfilled : — 

^  =  2«o«2  — 4 >..(2.) 

For  example,  let  z^  =  5J  feet  j  z^  =  10  feet;  then  z^  =  ^/~10 
=  316  feet 

U.  Locbi  Unequal  LangitudinaUy, — ^This  sort  of  inequality  must 
be  provided  for  in  every  case  in  which  the  figure  of  t^e  truss  has 
more  sides  than  three. 

The  most  important  example  in  practice  is  that  of  the  trapezoidal 
trass,  whether  springing  firom  a  tie-beam,  as  in  &g.  209,  p.  470,  or 
from  a  pair  of  abutments,  or  from  sockets  connected  by  means  of  a 
tie-Tod. 

There  are  two  means  of  enabling  the  truss  to  resist  a  partial 
load:  by  the  stiffiiess  of  a  longitudinal  beam,  and  by  diagonal 
bracing. 

The  longitudinal  beam  is  either  the  tie-beam,  or,  in  the  absence  of 
a  tie-beam,  a  beam  resting  on  the  top  of  the  truss,  and  bolted  to 
the  straining-piece  F  in  the  figure. 

Let  c  denote  the  half-span  of  the  truss;  x,  the  distance  of  the 
points  4  and  1  from  the  middle  of  the  truss. 

Let  a  partial  load  W'  be  applied  at  one  of  these  points,  the 
other  beij^  unloaded.  Then  the  longitudinal  beam  has  to  resist  a 
bending  action,  which  is  greatest  at  the  loaded  point  and  at  the 
unloaded  point,  producing  convexity  downwards  at  the  loaded 
point,  and  upwards  at  the  imloaded  poin^  :*  the  bending  moment 
has  the  following  value : — 

M'  =  ^^=5); (3.) 

and  the  stress  produced  by  it  must  be  taken  into  account  in  fixing 
the  dimensions  of  the  longitudinal  beam.   For  example,  if  a:  =  c  h- 

3,  M' =  W' c -1.  9. 

To  provide  resistance  to  a  partial  load  by  diagonal  bracing,  there 
should  be  two  diagonal  struts,  in  the  positions  ^own  by  the  dotted 
lines  4  5  and  6  1  in  &g.  209;  4  5  to  act  when  the  partial  load  is  on 

4,  and  6  1  when  the  partial  load  is  on  1.  The  greatest  thrust  S 
along  either  of  them  is  given  by  the  following  formula: — ^Let  k  be  the 
de2)th  of  the  truss,  from  the  centre  line  of  F  to  the  centre  line  of  B. 

^^  S  =  W  ""^^  •  ^y  4ta^  +  k^. (4.) 
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342.  c««»mb4  BHdge-TnM.  {A.  M.,  160.)— The  genenl 
nature  of  a  compound  truss  has  been  explained  in  Article  121, 
p.  184.  Fig.  213  is  a  skeleton  diagram  of  a  compound  timber 
bridge-truss,  on  the  principle  of  those  of  the  celebrated  bridge 
of  Schaffhausen. 


It  consists  of  four  elementary  trusses^  viz. : — 

12  3  4  loaded  at  2  and  3, 

16  64        „        5    „    6, 

17  84        „        7    „    8, 
194        „        9; 

but  all  those  trusses  have  the  same  tie-beam,  1  4 ;  and  the  pull 
along  that  tie-beam  is  the  sum  of  the  puUs  due  to  the  four  traases. 
The  vertical  lines  represent  suspending-pieces,  from  which  tiie 
tie-beam  is  hung.     The  tie-beam  supports  the  cross-beams  of  the 
platform. 

An  arrangement  of  struts  similar  to  that  in  the  figure,  but 
without  the  tie-beam  or  suspending-pieoes,  and  supporting  the 

platform  above,  is  often  used 
for  timber  bridges  with  abut- 
ments. Stay-pieces,  how- 
ever, are  required,  nearly 
in  the  position  of  the  upper 
suspending-pieces  in  the  figure,  to  give  sufficient 
stiffiaess  to  the  struts. 

343.  oiiicMuiUr-bnMed  CMff^cr^  —  This  sort  of 
girder,  of  which  fig.  214  is  a  skeleton  diagram, 
was  first  introduced  in  America  by  Mr.  Howa 
The  two  horizontal  bars,  or  "  booms,"  resist  the 
bending  moment  of  the  load;  they  are  made  of 
layers  of  planks  set  on  edge,  and  bolted  together  so 
as  to  break  joint,  as  in  the  built  ribs  of  Article 
333,  p.  464.  The  shearing  action  of  the  load  is 
resisted  by  the  vertical  suspending-pieoes  (which 
are  iron  rods),  and  the  diagonal  timber  struts, 
Fiip  216  which  abut  into  iron  sockets,  as  shown  on  a  IsLrgeT 

^'      *  scale  in  fig.  215.     In  the  latter  figure  A   is  the 

upper  or  compressed  boom^  and  B  the  lower  or  extended  boom;  C, 
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Fig.  214. 
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a  suspending-rod;  D,  d,  struts  sloping  up  towards  the  middle  of 
tlie  span,  and  indicated  by  plain  lines  in  fig.  214;  E,  e,  struts 
sloping  up  towards  the  nearest  point  of  support,  and  indicated  by- 
dotted  lines  in  Bg,  214. 

The  diagonals  shown  by  full  lines  are  all  that  would  be  required 
if  the  load  were  always  uniformly  distributed  over  the  girder. 
Those  shown  by  dots  are  necessary  in  order  to  resist  travelling 
loads. 

The  actions  of  the  load  on  this  girder  are  computed  by  the  method 
already  explained  in  Article  160,  pp.  230  to  243,  as  applied  to  a 
beam  loaded  at  detached  points.  The  formula  for  the  bending 
moment  at  any  cross-section  has  already  been  given  in  Article  161, 
Case  VIII.,  p.  247.  In  computing  the  shearing  force,  regard  must 
be  had  to  the  action  of  a  travelling  load,  as  explained  in  Article 
161,  Case  IX.,  pp.  247,  248. 

The  following  are  the  most  convenient  formidse  in  practice. 
One  of  the  points  of  support  being  numbered  0,  the  joints  of  the 
upper  boom  are  to  be  numbered  consecutively  fi.'om  that  end  of  the 
girder  towards  the  middle,  as  in  fig.  214 : — 

Let  n  denote  the  number  of  any  joint,  and  N  the  total  number 
of  divisions  in  the  beam.  (In  the  figure  N  =  8;  and  for  the 
middle  joint,  w  =  4.     When  N  is  odd,  there  is  no  middle  joint.) 

Let  k  denote  the  height  of  the  girder,  measured  from  centre  to 
centre  of  the  horizontal  booms; 
I,  its  span ;  so  that  Z  -i-  N  is  the  length  of  a  division; 
s,  the  length  of  a  diagonal,  measured  along  its  line  of  resistance, 


-V 


to,  the  uniform  steady  load  upon  each  joint; 
v/,  the  greatest  travelling  load  upon  each  joint 
The  divisions  of  the  horizontal  booms  are  to  be  numbered  1,  2, 
3,  4,  from  the  ends  towards  the  middle;  so  that  in  fig.  214,  Division 
No.  1  of  the  upper  boom  lies  between  1  and  2 ;  Division  No.  1  of 
the  lower  boom  lies  between  0  and  the  suspend^ig-rod  1,  &c. 

Suspending-rods  and  diagonals  are  designated  by  the  number  of 
the  joint  where  their  upper  ends  meet;  thus,  in  fig.  215,  if  ti  be  the 
number  of  the  rod  C,  it  is  also  the  number  of  the  larger  diagonal 
^,  and  the  smaller  diagonal  E;  while  the  number  of  c?  is  n  + 1,  and 
^ihatofe,  »-L 
•     Let  ^  be  the  thrust  and  tension  along  the  divisions  n  of  the 
^pper  and  lower  booms; 
^„  the  tension  on  the  vertical  rod  n ; 
T.,  the  thrust  on  the  large  diagonal  n; 
<v  the  thrust  on  the  smidl  diagonal  n. 
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Then 

'^•^       2  2N~' ^^' 

y.  (when  the  platform  is  hu»^  from  the  girder,  for  all  except  t^ 
nuddle  rod)  =u>  (^-«)  +«.  •  t^^|^I^LtiK  ..(a) 

y  (when  the  platform  is  hung  from  the  girder^  for  the  middle 
«xi)  =  «,+  ^  d  +  l) (S.) 

rWhen  the  platform  rests  on  the  top  of  the  girder,  subtract  10  +  10 
irom  each  or  the  above  values  of  Y.) 

w./N  +  l      \     «>'«.(y-n)(N-n-Kl). 

^'^T\r2 — V  T        2N       ' — ^^^ 

When  the  last  formula  (5)  gives  a  null  or  negative  resolty  it 
shows  that  the  smaller  diagonid  in  the  division  in  question  is  un- 
necessary. 

The  best  angle  of  inclination  for  the  diagonals  is  45° ;  the  ooiie- 
sponding  value  of  »  -h  A;  is  1*414^  and  that  of  ^  -s.  A  ia  N. 

The  following  is  a  numerical  example : — 

Span  80  feet,  in  eight  equal  divisions;  that  ia,l=80;  N  =  8. 
*=  10  feet;  «=  1414  feet 
w  =  5000  lbs.;  «/=  10,000  lbs. 

Platform  hung  below  girder. 

n             H  y  T  t 

Ibt.  llw.  lb&  Ibfl. 

1  53>5oo  .  52,500  74,235  negative. 

2  90,000  38,750  54,792  negative. 

3  112,500  26,350  37,^28  7,070 

4  120,000  17,500  21,210 

The  last  column  shows  that,  in  the  example  chosen,  the  dotted 
diagonals  are  required  in  the  two  middle  divisions  onlj. 

The  value  of  H  fom=  4  applies  to  the  lower  boom  alone,  as  the 
upper  boom  has  only  three  divisions  on  each  side  of  the  middle.      « 

344.  liMiftcc-wMk  GirdcTC  of  timber  were  first  introduced  by  Mr. 
Ithiel  Towne.  The  lattice- work  consists  of  planks  inclined  at 
45^  to  the  horizon,  crossing  each  other  at  right  angles^  and  pinned 
together  with  treenaila 
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A  lattice  girder,  even  without  horizontal  booms  (as  is  fig.  216), 
a  capable  of  sapporting  a  oertam  load,  provided  its  ends  are  made 
fast  to  stable  piers  j  and,  under  these  drcumstanoes,  its  moment 
of  resLsrtanee  at  any  cross-section  is  simply  the 
sum  of  tlie  moments  of  resistance  of  the  planks 
intersected   by    that    cross-section.       But  this 
mode  of    construction  is  unfavoorable  both  to 
economy     and    to    stiffnesa     When    horizontal 
booms  are  bolted  to  the  lattice-work  at  its  upper 
and  low^er  edges,  they  may  be  considered,  without  ^-  216. 

sensible  error,  as  sustaining  'all  the  bending  mo- 
ment,  like  those  in  the  example  of  the  last  article;  while  the 
lattice- work  bears  the  shearing  action  of  the  load,  distributed  with 
approximate  uniformity  amongst  the  bars  or  planka 

345.  Ttaiber  ArehM. — ^When  a  timber  arch  is  exactly  or  nearly 
of  the  form  of  an  equilibrated  rib  of  uniform  strength  under  the 
steady  part  of  its  load,  and  is  subject  besides  to  a  rolling  load,  its 
strength  is  to  be  computed  according  to  the  methods  of  Article 
ISO,  pp.  296  to  314. 

The  usual  form  for  timber  arches  is  a  segment  of  a  circle;  but 
the  formulsB  for  a  parabolic  rib  may  be  used  in  practice  without 
material  error.  In  almost  every  case  the  rib  may  be  considered 
as  Jixed  in  direction  tU  the  ends;  so  that  if  the  abutments  are 
immoveable,  the  formuhe  to  be  employed  will  be  those  of  Problem 
lY.,  equations  30  to  38  b,  pp.  305  to  308;  and  if  the  abutments 
are  sensibly  moveable,  equation  40,  p.  308,  is  to  be  used  instead  of 
equation  30. 

In  designing  a  timber  arch,  the  greatest  working  deflection 
should  be  computed  by  the  equation  61  of  Article  180,  p.  313;  and 
the  pieces  of  timber  in  the  arch  and  superstructure  should  be  pro- 
portioned as  if  the  platform  were  to  have  an  upward  convexity  or 
"camber,"  with  a  rise  in  the  centre  of  the  span  equal  to  the 
calculated  deflection.  The  result  will  be,  that  the  platform  will 
become  horizontal,  or  nearly  so,  when  fully  loaded. 

Semicircular  timber  ribs  are  now  often  employed  to  support 
roofs,  for  the  sake  of  architectural  appearance.  In  fig.  217,  let 
A  C  B  be  a  quadrant  of  such  a  rib,  under  a  load  « 

Tiniformly  distributed  horizontally,  O  being  its 
centre.  Draw  B  D  and  A  D  tangents  to  the 
neutral  layer  at  the  springing  and  at  the  crown; 
bisect  A  D  in  E;  then,  if  the  week  be  jamted 
or  hinged  at  A  and  B,  E  B  will  be  the  direction 

of  the  thrust  at  B;   and   its  horizontal,  com-  ^k 

ponent  will  be  ha^f  the  load  on  the  quadrant;  Fig.  217 

that  is, 

2r 
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H  =  Y' ^-^ 

r  being  the  ntdiiui  0  A,  and  w  the  load  per  lineal  unit  of  span. 
The  greatest  bending  moment^  on  the  same  saj^Mxition,  oocm  «t 
C,  30^  above  the  springing.  That  moment  tends  to  make  eturcaimrt 
$harper  at  that  pomt;  and  its  value  is 

M  =  -«'3^. (2.) 

The  value  of  the  direct  thrust  at  C  is  H,  as  given  by  equation  1. 
Bj  the  use  of  these  values  in  the  formulae  of  Article  340,  pc  475, 
the  proper  scantling  for  the  rib  may  be  computed  The  su|^x)6ition 
of  the  rib  being  hinged  at  A  and  B  is  not  perfectly  realised  in 
practice;  but  it  will  not  lead  to  any  error  of  importance. 

346.  Tteikcr  iipM<iH>  When  timber 
arches  support  a  level  platfonn,  e^A 
spandril  in  general  contains  a  series  of 
upright  posts  for  transmitting  the  load 
fi:i:>m  the  platform  to  the  ar^  A  hori- 
zontal beam  on  the  top  of  each  row  of 
^'  *^^*  posts  should  have  strength  and  stiffness 

sufficient  to  resist  the  load  between  each  pair  of  posta 

To  stiffen  the  frame  transversely,  the  posts  which  stand  aide  by 
side  should  have  diagonal  braces  between  them ;  the  smallest  tnns- 
verse  dimension  of  any  brace  not  being  less  than  about  one-twentietk 
part  of  its  length. 

To  stiffen  the  frame  longitudinally,  diagonal  braces  may  be 
placed  as  in  fig.  218.  To  find  the  stress  which  any  one  <^^oee 
diagonal  braces  should  be  capable  of  resisting  with  safety,  let  the 
upright  posts  be  numbered  ftota.  one  end  of  the  arch  to  the  middle^ 
0,  1^  2,  3,  Ac  (like  the  suspending-rods  in  Artide  343).     Let 

N  be  the  total  number  of  longitudinal  diviasons  in  the  platform, 
n  and  n  +  1,  the  numbers  <tf  the  posts  between  which  a  givea 

diagonal  brace  is  situated. 
8f  its  length,  and  k  the  difference  of  level  of  its  enda 
«/,  the  greatest  tra/vdling  load  on  one  post 
T,  the  greatest  amount  of  throat  along  the  diagonal;  then 

For  the  diagonals  between  0  and  1,  indicated  l^  dots  in  tbe 
figure,  this  expression  is  =  0  j  but  nevertheless  a  pair  of  diagoiiaI» 


TDCBEB  SPASBBIL— BOWaTBnrO  OISDSR — PIBEUS.  483 

may  be  placed  there,  of  the  same  axel  with  the  smajlest  of  those 
bet'ween  1  and  2,  in  order  to  give  additional  stiffness. 

It  is  possible  that  when  the  arch  is  partiallj  loaded  with  a 
travelling  load,  some  of  the  upright  pieces  which,  when  the  load  is 
waiform,  are  posts,  may  have  to  act  occasionally  as  suspending- 
piecea  To  find  whether  this  is  the  case  for  any  given  upright 
X>iece,  let  n  be  its  number,  and  vf  the  dead  load  resting  upon  it; 
then  compute  the  value  of  tiie  following  expression : — 

V  =  «/.*iij±l>-«,-; (2.) 

and  if  this  is  positive,  it  will  give  the  greatest  tension  on  the 
upright;  if  null  or  negative,  it  will  show  that  the  upright  acts 
always  as  a  strut  or  post,  and  never  as  a  suspending-piece  or  tia 

Another  mode  of  construction  is  to  make  all  the  diagonals  iron 
tie-bolts.  In  this  case  equation  1  will  give  the  greatest  tension  on 
any  given  bolt.  The  uprights  will  always  act  as  posts,  and  the 
greatest  load  on  each  will  be  given  by  the  following  formul» : — 


V'  =  «,.  +  «^{l +«(«--!)  I (3.) 


347.  Tiaikcr  B«wsirteff  CHi^cr.     (Fig.  219.) — In  a  girder  of  this 
kind,  a  timber  arch  springs  from  a  tie- 
beam,  which  supports  the  cross-beams  of 
the  platform,  and  ia  hung  from  the  arch  at 

intervals  by  vertical  suspending-pieces  or       

rods,  with  diagonal  braces  between  them.  pig,  219. 

llie  tie-beam  has  to  bear  at  once  a  ten- 
sion equal  to  the  horizontal  thrust  of  the  arch,  and  a  bending  action 
due  to  the  load  supported  on  it  between  a  pair  of  suspending-pieces ; 
and  its  strength  depends  on  the  principles  explained  in  Artide  340, 
p.  474. 

The  greatest  tension  on  any  suspending-piece  is  to  be  found  by 
means  of  equation  3  of  Article  346,  abova 

The  greatest  thrust  along  any  diagonal  is  to  be  found  by  means 
of  equation  I  of  the  same  Article,  p.  482. 

The  horisontal  tie  of  a  timber  lK>wstring  girder  should  never  be 
made  of  iron,  as  its  expansion  and  contraction  would  strain  and  at 
length  destroy  the  timber  arch. 

348.  orimkcr  picn. — A  timber  pier  for  supporting  arch^  or 

girders  may  consist  of  any  convenient  number  of  posts,  either 

vertical  or  slightly  raking,  and  connected  together  by  horizontal 

and  diagonal  braces. 

Each  post  should  be  braced  at  every  point  where  there  is  a  joint  in 
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it,  and  at  additional  points  if  necessary,  in  order  that  the  distance 
between  the  braced  points  may  not  be  less  than  about  18  or  ^* 
times  the  diameter  of  the  post  (As  to  lengthening  posts,  see 
Article  315,  p.  456.^ 

Should  the  pier  have  lateral  thrust  to  bear,  whether  from  the 
action  of  the  wind  or  from  that  of  the  load  upon  the  super- 
stnicture,  the  following  principles  are  to  be  attended  to : — 

I.  The  posts  at  the  base  of  the  pier  should,  if  possiUe,  spread  to 
such  a  distance  from  each  other  that  the  lateral  thrust  may  can^ 
no  tension  on  any  one  of  them.  For  example,  conceive  a  pier  of  a 
timber  viaduct  to  consist  of  two  parallel  rows  of  posts ;  let  the 
greatest  horizontal  thrust  in  a  dir^Hion  perpendicular  to  the  rDw> 
be  H,  acting  at  the  height  Y  above  the  base  of  the  pier,  so  that 
H  Y  is  its  moment ;  let  W  be  the  gross  vertical  load  of  the  pier,  and 
B  the  required  distance  from  centre  to  centre  between  the  two 
rows  of  posts  at  the  base  of  the  pier;  then  make 

^  =    w  "' '  ^^ 

and  there  will  never  be  tension  on  any  of  the  posts.  If  Ais 
arrangement  be  made,  the  whole  load  W  will  be  concentrated  on 
one  row  of  pasta  when  the  greatest  thrust  acts.  In  other  cases, 
the  load  on  the  row  of  posts  furthest  from  the  side  of  the  pier  on 
which  the  thrust  acts  will  be, 

If  the  pier  consists  of  more  than  two  rows  of  posts,  let  n  denote 
the  number  of  rows,  and  let  them  be  equidistant  from  each  other, 
B  being  still  the  distance  from  centre  to  centre  of  the  outside  rows. 
Let  P  denote  the  share  of  the  load  which  rests  on  the  row  of  posts 
furthest  from  the  side  the  thrust  is  applied  to,  and  V  the  share 
which  rests  on  the  row  nearest  that  side.     Then 

p^W  HY(n^l)« . 

n       B  {(n  —  \f  +  (n  —  3)2  +  <bc.} ' ^  ' 

n        B  {(n  —  \f  +  (n  —  3)«  +  &a} ' ^  ' 

the  series  in  the  denominator  of  the  second  tenn  being  carried  on  as 
long  as  the  numbers  in  the  brackets  are  po8itiT& 
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The  best  value  for  £  is  found  by  making  F  =  0;  that  is  to  say, 

.HY»(n-l)»  . 

W{(n—lf  +  {n  —  3yt  +  &c}' ^  ''' 

Ji  -which  case, 

9.  sxr 

.(6.) 


P  = 


2W 


II.  The  horizontal  and  diagonal  braces  are  to  be  calculated  to 
resist  the  horizontal  thrust,  in  the  same  manner  that  the  suspend- 
ing-pieoes  and  diagonal  struts  of  a  diagonally-braced  girder  are 
calculated  to  resist  the  shearing  stress,  supposing  that  shearing 
stress  to  be  the  same  at  all  points  of  the  girder,  and  =  H. 


Hg.  220. — [Portage  Bridge  over  the  Geoesee  River,  from  a  Photograph.] 

349.  CcBCrea  for  Archca. — The  use  and  general  construction  of 
centres  for  arches  have  already  been  explained  in  Article  279, 
p.  415.  The  present  article  relates  to  the  figure  and  strength  of 
the  ribs  or  fram^  which  support  the  laggings. 

I.  Action  of  Load  on  Centre. — ^The  building  of  the  arch 
should'  be  carried  up  simultaneously  at  the  two  sides  of  the 
centre^  so  that  the  load  on  the  centre  may  never  be  sensibly 
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unsymmetrica].  The  loading  of  the  centre  will  tlivis  advance 
from  both  ends  towards  the  middle;  and  its  most  severe  action, 
whether  compressive,  shearing,  or  bending,  will  take  place  just 
before  the  key-stones  are  driven  into  their  places. 

If  there  were  no  friction  between  the  ardi-stones,  the  load  npoB 
the  centre  could  be  computed  exactly.  The  friction  between  them 
renders  all  formuln  for  that  purpose  uncertain. 

It  is  usually  stated  that  the  arch-stones  do  not  begin  to  press 
against  the  centre  until  courses  are  laid  the  slope  of  whoee  beds  is 
steeper  than  the  angle  of  repose;  that  is  to  say,  from  25°  to  35°,  or 
on  an  average,  about  30® ;  but  in  order  that  this  may  be  true,  the 
lower  part  of  the  arch  must  be  so  thick  as  to  have  no  tendency  to 
upset  %nwa/rda,  A  thickness  equal  to  about  one-tenth  of  the 
radius  of  curvature  of  the  intrados  is  in  general  sufficient  for  that 
purpose;  but  still  any  accidental  disturbance  of  the  atch-stonee 
may  make  them  press  against  the  centra 

Each  successive  course  of  arch-stones  that  is  laid  causes  the 
pressure  exerted  by  the  previous  courses  against  the  centre  to 
diminish;  and  when  a  semicircular  arch  is  completed  all  but  the 
key-stone,  the  stones  -whose  beds  slope  less  steeply  than  SO®  have 
ceased  to  press  against  the  centre,  and  that  wen  aJUhcugh  there 
should  he  nojridbion.  In  fact,  when  the  load  on  the  centre  reaches 
its  greatest  amount,  itd^  action  is  nearly  the  same  whether  friction 
operates  sensibly  or  not;  and  considering  this  fact,  and  also  the 
fact  that  any  errors  in  calculation  caused  by  neglecting  the  friction 
of  the  stones  on  each  other  must  be  on  the  side  of  safety,  it  appears 
that  for  practical  purposes  it  is  sufficient  to  calculate  the  load  on  a 
centre  as  if  the  friction  between  the  stones  were  insensibla 
The  following  are  the  results : — 

(L)  Oeneral  Com, — Let  w  denote  the  weight  per  ImbolLfwA  qflhs 
ifUradas  of  the  arch  resting  on  a  given  rib  of  a  oentreL 

Let  the  co-ordinates  of  any  point  (sadi  as 
D,  fig.  221)  in  the  intrados  be  measared 
from  its  highest  point  A;  x  being  measured 
horizontally,  and  y  vertically  downwards. 

Let  Xq  and  y^  be  the  co-ordinates  of  the 
point  C. 

Let  r  be  the  radius  of  curvature  of  the 
intrados  at  the  point  D. 

i,  its  inclination  to  the  horizon. 
p,  the  normal  pressure  against  the   rib 
at  the  point  D,  per  lineal  foot  of  intrados ; 
Fig.  221.  then,  friction  being  insensible, 


P- 


U7  *  cos 


*-lj'„u,dy'. (1.) 
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and  tlie  greatest  value  of  this  is 

tr  *  C06  I.  (1  A.) 

Liet  P  be  the  total  vertical  load  arising  from  the  pressure  of  the 
ardi-stoiiee  on  the  rib  between  0  and  B;  then 


P 


=  />rfa^, (2.) 

and  the  tiJuq  of  this,  when  the  arch  is  complete  all  bat  the  key- 
stone, is 

I'i  =  /o'l^rf«(«nakingyo  =  ^); (2  a.) 

fl^  being  the  horisontal  distance  from  the  middle  of  the  span  to 
a  point  for  which  j9  ==  0. 

If  the  riby  instead  of  resting  on  a  series  of  posts,  as  in  fig.  221,  is 
supported  (w  a  girder  on  the  abutments  or  piers  of  the  ardii,  or  on 
timber  piers  of  its  own. 

Let  c  be  the  half-span  of  that  girder; 

M,  the  moment  of  flexure  in  the  middle  of  the  span;  then 

M  =  Pc—  f'p^odmi (3.) 

and  thft  greatest  value  of  this  is 

M^^T^e—  j"^  pxdx  (for  y^  =  0)- (3  a.) 

Formula  1  a.  serves  to  compute  the  greatest  load  to  be  borne  bj 
the  laggings  or  bolHers;  equation  2  serves  to  compute  the  load  on 
any  vertical  post,  or  the  vertical  component  of  the  load  on  any  given 
bcusk-pieoe,  or  segment  of  the  rib  immediately  under  the  kg^gu; 
and  the  total  transverse  load  on  such  a  piece  is 

Psec^. (4.) 

/  being  its  inclination  to  the  horizon. 

Equation  2  a.  gives  the  greatest  vertical  load  on  each  half  of 
the  rib,  and  serves  to  compute  the  total  strength  required  for  its 
veitical  supports;  and  equation  3  a  serves  to  compute  the  strength 
required  if  the  rib  acts  as  a  girder. 

(2.)  Circular  AreknU  exoeoding  120^. — In  an  arch  with  a  circular 
intrados,  we  have- 


as  s 

«1 


srsinl;y  ssrH  —  ooel^; 

=  r  sin  #o;  yo  =  *•  (1  —  <»«  W 
=  r  sill  #i;  y^  ss  r  (1  —  008  ^ j 
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Let  $f  J^  t|,  denote  lengths  of  arcs  measured  finom  A  in  feei. 
Let  the  weight  per  foot  of  intntdoe  w  be  oonatant.    Then  tlie 
normal  pressure  per  foot  of  intradoe  is 

/>  =  to(2ooa#  — ooslo)  =  w'^~^/'^^^ (5) 

and  its  greatest  value  for  a  given  point, 

woosi s=W  * (^^) 

The  vertical  load  between  C  and  D  is 

P  =  wr|#—  #0  —  8in#(cosf,  —  oos^j 

=  to{*  — «o— *(y  — yo)}; 


....(&) 


which,  when  the  load  is  complete  up  to  A,  and  Diaaithe  spring- 
ing ^  becomes 

Pj  =  «r{#i-8m#,(l-coe«o}  =  io{,i-^i}.(6i.) 

in  which  last  expression,  the  load  on  the  half-rib  is  given  in  tenns 
of  its  length,  «i,  its  half-spany  x^,  and  its  rige,  y^. 

The  gi'eatest  moment  of  flexure,  M^,  on  a  girder-rib  of  the  half- 
span  c,  is  as  follows : — 


XT        T>  ^  /^  I  ^^^  'i       2  cos*  lA 


(7.) 


In  employing  these  formulae,  it  may  often  be  convenient  to  use 
the  following  expressions  for  computing  the  radius  r  and  length  s 
of  any  given  arc  from  its  half-span  x  and  rise  y : — 

«-  =  (y  +  f)^2i-  =  -(n-3|-|^)nearly.    (a) 

The  load  on  any  arc  of  the  rib  may  be  represented  graphically  in 
the  following  manner : — 

In  fig.  222,  let  A  B  be  a  quadrant,  described  about  0  with  a  radius 
representing  that  of  the  intrados.  Let  C  be  the  point  up  to  which 
the  aroh  has  been  built,  and  D  any  other  point  in  the  intradoa 
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Conceive  that  the  half  of  the  radios  A  0  reprdsentB  «?,  the 
weight  per  foot  of  intrado& 

From  C  draw  C  E  ||  A  O;  bisect  C  E  in  P,  from  which  draw 
F  H  II  O  B;  draw  D  G  ||A  O; 
then  will  D  G  represent  the  normal 
pressure  on  each  lineal  foot  of  the 
rib  at  the  point  D ;  and  the  shaded 
area  C  D  G  F  will  represent  the 
vertical  component  of  the  load  on 
the  rib  between  C  and  D,  both  in  *'"«•  ^^2. 

amount  and  in  distribution;  that  is  to  say, .  ^ :: 

^  AO:to::DG:^ 

: :  C  D  G  F  :  P. 

The  point  H  is  that  below  which  the  arch-stones  cease  to  press 
on  the  rib,  when  the  arch  has  been  built  up  to  the  point  C. 

The  case  in  which  the  rib  is  completely  loaded,  the  arch  being 
finished  all  but  the  key-stone,  is  represented  by  fig.  223.  Bisect 
the  vertical  radius  A  O  in  K,  and  conceive  A  K  to  represent  w, 
draw  K  L II  O  B;  L  ^ill  be  a  point  below  which  the  stones  do  not 
press  on  the  rib  Supposing  the  arch  to  extend  so  far) ;  and  at  that 
point  #  =  60**.  Let  D  be  any  point  in  the  intrados ;  diuw  D  M  || 
AG;  then 

AK  :w  :  :DM  :^ 

:  :  ADMK  :P; 

and  if  D  is  the  springing  of  the  arch,  ADMK  represents  the 
vertical  load  on  lie  half  rib,  P^.  If  the  arrow  P  in  the  figure 
represents  the  position  of  one  of  the  two  supports  of  a  girder  rib, 
O  P  =  c  in  equation  7. 

(3.)  CircuUvr  Arch  of\2(y*  omd  wpwtvrda, — Because  the  arch-stones 
below  the  point  where  the  inclination  of  the  intrados  to  the  horizon 
is  60®,  do  not  press  upon  the  rib  when  the  load  is  complete,  the 
value  of  Pi  for  ^^  =  60®  applies  also  to  all  greater  values  of  $^ ;  it 
being  understood  that  in  every  such  case  we  are  to  make 

<h=\/lr=  -866  r;  y,  =  ^;  »i  =  1-0472  r;  ...(9.) 

whatsoever  tiie  actual  rise  and  span  of  the  arch  may  be.  This 
gives  the  following  results : — 

Pi  =  -6142  w  r; (10.) 


Ml =«»r  (-61420-1^ (11.) 
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(4.)  N<mr€¥reuli¥r  ^ro^— Find  fche  two  pointB  at  wbieb  iJie  in- 
tndcw  is  inclined  60*  to  the  horixon;  conceive  a  drcolAr  arc  diawn 
througli  them  and  through  the  crown  of  the  intradoSy  and  proceed 
as  in  Case  2,  calcokting  r  and  8  by  the  formuls  8,  irom  x  and  y, 
the  co-ordinates  of  each  of  the  two  points  where  the  inclination  of 
the  intrados  is  60^  The  results  will  be  near  enough  to  the  trntiJi 
for  practical  purposes. 

XL  Stjukino-plates  asb  Wkdoeb. — ^These  terms  are  applied 
to  the  apparatus  bj  which  the  centre  is  lowered  after  the  arch  has 
been  completed  Fig.  224  represents  a  pair  of  strikinff-platesy  A 
and  B,  with  a  compound  wedge  C  between  them.  The  lower 
striking-plate  B  is  a  strong  beam,  suitably  notched  on  the  upper 
side,  and  resting  on  the  top  of  the  pier  or  row  of  posts  which  forms 
one  of  the  supports  of  a  centre;  the  upper 
■  ^^^A^^i.  striking-plate  A,  notched  on  the  under  mde, 
J]]S!!!lS^;:S^l:5^;;^  forms  3ie  base  of  part  of  the  &ame  of  the 
B  centre;   and  the  wedge  C  keeps  the  strik- 

Pig.  S24.  ing-plates  A  and  B  asunder,    being  itaelf 

kept  in  its  place  by  keys  or  smaller  wedges 
driven  behind  its  shoulders.  When  the  centre  is  to  be  struck, 
those  keys  are  driven  out;  and  the  wedge  C  being  driven  back 
with  a  xnallet,  allows  the  upper  striking-plate  to  descend.  In  fig. 
221,  p.  486,  S,  S,  S,  represent  the  ends  of  pairs  of  striking-plates 
resting  transversely  on  the  posts  or  piles  which  support  the  entire 
centre.  In  some  centres,  of  which  examples  will  be  given,  the 
striking-plates  lie  longitudinally.  In  the  centres  introduced  by 
Hartley,  each  lagging  can  be  struck  separately  by  lowering  the 
wedges  or  screws  which  support  it;  so  that  striking-plates  to 
support  the  entire  centre  are  unnecessary. 

IIL  FRAMiNa  OF  Centres. — The  back-pieces  which  form  the 
upper  edge  of  the  rib,  are  usually  supported  at  points  firom  10  to 
15  feet  asunder.  In  some  examples,  however^  those  points  are  as 
close  as  5  or  6  feet 

It  is  essential  that  a  centre  should  possess  stifiheas  so  great  that 
polygonal  frames  of  many  sides  and  timber  arches  are  unfit  forms 
for  its  libs,  because  of  their  flexibility.  Such  forms  have  been 
used,  but  have  caused  great  difficulty  and  even  danger  in  the 
construction  of  the  arch.  The  kinds  of  fifamework  which  have 
been  found  to  succeed  are  of  three  kinds,  viz. : — 

(1.)  Direct  supports  fix>m  intermediate  points;  to  be  always 
employed  when  practicable. 

!o  \  T  V  J  -j-_  J.  •  •  )  to  be  employed  when  intermediate 
q  ^  °^  «b™t8 m pa«i;  I  points  of  support  cannot  be  had 
3.)  TrussedgirdeH.;  f     Sloae  enougL 

(1.)  Diarect  Sitpporta  in  a  very  simple  form  are  illustrated  by  fig. 
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221 ,  pb  486.  Seyeral  rows  of  piles  support  a  series  of  pairs  of  striking- 
plates.  On  the  upper  striking-plates  rest  the  ribs,  each  of  which 
consists  of  the  following  parts : — A  sill  or  horizontal  beam,  a  series 
of  vertical  posts  directly  over  the  piles,  horizontal  braces  or  toalea, 
dtagoTiol  braces  between  the  posts,  MiqiLe  struts  near  the  upper 
ends  of  the  posts,  to  support  intermediate  points  in  the  back- 
pieces,  and  the  back-pieces.  Besides  giving  stiffness  to  the  posts,  the 
diagonal  braces  answer  the  purpose  of  supporting  a  given  part  of 
the  rib  in  case  the  pile  vertically  below  it  should  give  way. 

Fig.  225  is  a  skeleton  diagram  of  Hartley's  centre  for  the  Dee 
Bridge  at  Chester,  in  which  the 
greater  number  of  the  supports 
consisted  of  struts,  radiating  in  a 
fan-like  arrangement  finom  iron 
sockets  or  shoes  on  the  tops  of 
temporary  stone  piers,  of  which 
there  were  four  in  the  total  span 
of  200  feet  The  struts  were  stif- 
fened by  means  of  wales  at  dis- 
tances of  from  10  to  12  feet  apart 
vertically.  The  duty  of  back-pieces  was  done  by  two  thicknesses 
of  4^  inch  planks.     (See  Trans,  InsL  Civ.  Engs.y  vol.  L) 

(2.)  Inclined  StrtUs,  in  pairs,  are  exemplified  in  fig.  226,.which  is 
a  skeleton  diagram  of  the  centre  of  Waterloo  Bridge.  Each  joint 
in  the  back-pieces,  such  as  A,  B,  G,  iic,  was  independently  sup- 
ported by  a  pair  of  struts  of  its  own,  springing  from  the  striking- 
plates  at  F  and  Fl     At  each  point  where  many  of  those  struts 


fig.  225. 


Fig.  226. 

intersected  each  other,  such  as  H,  I,  and  I',  they  were  connected  by 
abutting  into  one  cast  iron  socket.  At  other  points  of  intersection 
they  were  notched  and  bolted  together.  They  were  fui-ther  stif- 
fened by  means  of  radiating  pieces  in  pairs,  whpse  positions  are 
shown  in  the  sketch.  The  striking-plates  were  longitudinal  and 
inclined,  and  were  supported  on  struts  springing  from  the  stepped 
bases  of  the  stone  piers  of  the  bridge. 
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(3.)  Tru8$ed  Girders,  as  applied  to  oentree,  are  illustrated  (in  fig. 
227)  by  the  centre  of  London  Bridge.  The  sketch  shows  that  for 
about  one-fourth  of  the  span  at  each  side  the  support  was  direct. 


Fig.  227. 


being  given  by  vertical  posts  with  diagonal  braces  between  them ; 
while  across  the  middle  half  of  the  span  the  rib  formed  a 
diagonally-braced  girder  of  great  stiffness,  its  depth  being  about 
one-fourth  of  its  span.  The  striking-plates  were  longitudinal 
and  horizontal. 

The  ribs  of  a  centre  should  be  braced  together  transversely  by 
horizontal  and  diagonal  braces. 

In  framing  centres  it  is  desirable  to  use  the  pieces  of  timber  in 
such  a  manner  that  they  may  be  afterwards  applied  to  other 
purposes. 


(Addendum  to  Article  174,  p.  280,  and  Article  312, 
pp.  450  to  453.) 

349  A.  RMtotaBce  •f  TlmWr  tm  Tmnkmm, — The  following  are  the 
results  of  some  recent  experiments  by  M.  Bouniceau  on  the 
resistance  of  timber  to  twisting  and  wi'enching,  extracted  from 
a  paper  in  the  **  AnncUes  dea  Fonts  et  Chaussees"  for  1861.  The 
co-efficients  are  modified  so  as  to  suit  the  formulse  of  M.  de  St 
Venant  for  resistance  to  torsion,  which  are  more  correct  than  the 
ordinary  formulcB  employed  in  the  original  paper. 
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Modulus  of  Raptnra  Modulus  of  Trans- 

by  WreuchiDg.  Terse  Elasticity. 

/  C 

Lbs.  on  the  Square  Lbs.  on  the  Square 

Inch.  Inch. 

Red  Pine  of  Prussia, ii540  116,300 

„          of  Norway, 950  61,800 

EHm, 1,390  76,000 

Oak  (of  Normandy), 2,350  82,400 

Ash, 1,460  76,000 

The  modulus  of  rupture  by  wrenching  for  oak,  as  stated  above,  is 
almost  exactly  the  same  with  its  resistance  to  shearing  along  the 
grain.  (See  tables  at  the  end  of  the  volume.)  For  red  pine,  the 
resistance  to  wrenching  is  the  greater. 

The  following  are  the  formulae  applicable  to  square  bars : — 

Let  h  be  the  breadth  and  thickness  of  the  bar. 

M,  the  moment  of  torsion  required  to  wrench  it  asunder;  then 

M  =  •281/A»  (1.) 

Also,  let  I  be  the  length  of  the  bar. 
M',  any  moment  of  torsion. 

^,  the  angle,  stated  in  arc  to  radius  unity,  through  which  the 
bar  is  twisted  by  that  moment;  then 

-•UOoCA*' ^''' 
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Fig.  228.— [The  Cramlin  Viaduct,  from  a  Photograph.] 


CHAPTER  V. 


OF  ICETALUC  STBUCTUBES. 


SEcnoK  I. — Of  Iron  and  Sted, 

350.  Soarcea  aad  CIsmm  •€  Ir«B  !■  Oeacml. — It  would  be  foreign 
to  the  subject  of  the  present  treatise  to  enter  into  details  as  to  the 
ores  from  which  iron  is  obtained,  and  the  processes  of  its  manu- 
facture. A  brief  summary,  therefore,  of  those  matters  will  alone 
be  given,  referring  for  more  full  information  to  such  works  as 
Fairbaim  On  iJie  Iron  Manufadwre;  Truran  On  the  Iron  Trade; 
Mushet's  Papers  on  Iron  and  Sted;  Karsten's  Ha/ndbuch  der  Eisen- 
httettenkunde;  Phillips's  MantuU  of  Mineralogy, 

The  chemical  equivalent  of  iron  is  %%  times  that  of  hydrogen. 
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The  fallowing  are  the  most  common  oonditions  in  wkidi  iron  ia 
found  in  its  ores : — 

I.  Ndlhe  /rtMif  being  Iron  neirlj  pott,  or  com- 
bined with  from  ooe-lbBrth  to  one-b«ndradth 
part  of  ito  weight  of  nickeL  This  if  vvy 
nj%  and  is  Ibimd  in  detached  masses,  which 
are  known,  or  sopposed,  to  have  fidlen  from 
the  heavens, - 80  to  100 

IL  Protoxide  or  BUck  Oxide  of  (Iron,  I  28)     ^^  ,.^9 

Iron, lOxygw, 1  8f    3^  77  « 

Protoxide  of  faron  is  only  found  in  combination  with  other  mbstanoei. 

III.  Peroxide  or  Bed  Oxide   of  (Iron,  2 

Iron, (Oxygen, 3 

IV.  Magnetic  Oxide  of  Iron  =3  jlron,  3 

Peroxide -r  Protoxide, (Oxygen, 4 

T.  HydrateofPeroxideofIron= 

^•^. »«^";IS5S;;ii;'::::::i 

TL  Cerbonate  of  Irons 

protoxideof  Iron,  1  atom,...  •jS^^'::;:::;:;!. 

Carbonic  Add,...  latom,...  {SSbS^;!!!!!!!!? 

Iron  is  found  combined  with  sulphur,  forming  what  is  called 
Iran  Pyrites;  but  that  mineral  is  not  available  for  the  manu£M^ure 
of  iron;  and  it  forms  a  pernicious  ingredient  in  ores,  or  in  the  fuel 
used  to  smelt  them,  because  of  the  w^Jcening  effect  of  sulphur  upon 
iroiL     The  same  is  the  case  with  PkasphcUe  of  Iron, 

The  most  abundant  foreign  ingredients  found  mixed  with  com- 
pounds of  iron  in  its  ores  are  siliceous  sand  and  silicate  of  alumina, 
ofr  claj ;  next  in  abundance  are  the  carbonates  of  lime  and  mag- 
nesia. Amongst  other  foreign  ingredients,  which,  though  not 
abundant,  have  an  influence  on  the  quality  of  the  iron  produced,  are 
carbon,  manganese,  araenic,  titanium,  kc  Of  these  manganese  and 
carbon  alone  are  beneficial;  for  manganese  gives  increased  strength 
to  steel,  and  carbon  assists  in  reducing  the  ore;  all  the  rest  are 
hurtful. 

The  most  common  Ores  of  Iron  are  the  following: — 

L  Mftffndic  Iron  OrSy  consisting  of  magnetic  oxide  of  iron,  pure, 
or  almost  pure,  and  coiitaining  72  per  cent  of  iron,  is  found  chiefly 
in  veins  travendxig  the  pdmary  strata,  and  amongst  plutonic  rocks. 
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and  is  the  aouroe  of  some  of  the  finest  qualities  of  iron,  sach  as  those 
of  Sweden  and  the  North-Eastern  United  States 

IL  E«i  Iron  Ore  is  peroxide  of  iron,  pure  or  mixed.  When 
pure  and  crystalline,  it  is  called  Specular  Iron  Ore,  or  Iron-glanoe ; 
when  pure,  or  nearly  so,  and  in  kidney-shaped  masses,  showing  a 
fibrous  structure,  it  is  csilled  Bed  HasmcUUe;  when  mixed  with  leas 
or  more  clay  and  sand,  it  is  called  Red  IroTutovie  and  Red  Ochre.  It 
is  found  in  various  geological  formations,  and  is  purest  in  the  oldesL 
The  purer  kinds,  iron-gknce  and  hematite,  produce  excellent  iron ; 
for  example,  that  of  Nova  Scotia. 

IIL  Brown  Iron  Ore  is  hydrate  of  peroxide  of  iron,  pure  or 
mixed.  When  compact  and  nearly  pure,  it  is  called  Brown 
HasmatUe;  when  earthy  and  mixed  with  much  day.  Yellow 
Ochre,  It  is  found  amongst  various  strata,  especially  those  of  later 
formations. 

lY.  Carbonate  of  Iron^  when  pure  and  ciystalline,  is  called 
Sparry  or  Spathoee  Iron  Ore;  when  mixed  with  clay  and  sand,  Cktjf 
Ironstone;  when  clay  ironstone  is  coloured  black  by  carbonaceous 
matter,  it  is  called  Bla>ck^nd  Ironstone,  These  ores  are  found 
amongst  various  primary  and  secondary  stratified  rocks,  and 
especially  amongst  those  of  the  coal  formation. 

The  proportion  of  earthy  matter  in  the  ordinary  ores  containing 
carbonate  of  iron  ranges  from  10  to  40  per  cent. 

The  iron  of  Britain  is  manufactured  partly  from  haematite,  but 
chiefly  frx>m  clay  ironstone  and  black-band. 

The  extraction  of  iron  from  its  ores  consists  of  a  combination  of 
processes,  which  may  be  described  in  general  terms  as  follows : — If 
the  iron  is  in  the  state  of  carbonate,  the  carbonic  acid  is  expelled 
by  the  agency  of  heat,  leaving  oxide  of  iron ;  the  earthy  constituents 
of  the  ore  are  removed  by  means  of  the  chemical  affinity  of  other 
earths  (especially  lime),  forming  a  glassy  refuse  called  Slag;  the 
oxygen  is  taken  away  frt>m  the  iron  by  means  of  the  chemical 
affinity  of  carbon ;  and  in  certain  processes,  carbon,  combined  with 
the  iron,  is  taken  away  by  means  of  the  chemical  affinity  of  oxygen. 
There  are  also  processes  whose  object  is  to  combine  the  iron  with 
certain  proportions  of  carbon.  The  substances  employed  in  the 
extraction  of  iron  from  its  ore  may  be  thus  classed, — ^the  ore  itself; 
the^^,  which  produces  heat  by  its  combustion,  and  supplies  car- 
bon; the  air,  which  supplies  oxygen  for  the  combustion  of  the  fuel; 
the  Jlux  (generally  lime),  which  promotes  the  fusion  of  the  ore,  and 
combines  with  its  earthy  constituents. 

In  some  cases  a  substance  is  also  used  in  order  to  remove  sol- 
phur  and  phosphorus  frx)m  the  ores  and  fueL  In  this  process  (the 
invention  of  Mr.  Calvert),  chlorine,  or  some  chloride,  by  preference 
common  salt,  is  employed  in  such  quantity  that  for  every 
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i6  parts  of  snlpbar       )  in  the  ore 
or  3a  parts  of  phosphortus  j     or  fuel, 
there  shall  be  35  parts  of  chlorine; 
and  as  common  salt  contains  23  parts  of  sodium  to  3^  of  chlorine 

the  proper  proportion  is        58  parts  of  common  salt 

The  metallic  products  of  the  iron  manu&cture  are  of  three  kinds; 
mcUleable  or  tvnmght  irouy  being  pure  or  nearly  pure  iron;  catt  inm 
and  siedy  being  certain  compounds  of  iron  with  carbon.* 

3dl.  impHitttes  •#  1MB.— The  strength  and  other  good  qualities 
of  these  products  depend  mainly  on  the  absence  of  impuritieaf  and 
especially  of  certain  substances  which  are  known  to  cause  brittle- 
ness  and  weakness,  of  which  the  most  important  81*09  salphuTi 
phosphorus,  silicon,  calcium,  and  magnesium. 

Sulphur  and  (according  to  Mushet)  calcium,  and  probably  also 
magnesium,  make  iron  ''  red  skoH;^  that  is,  brittle  at  high  temper- 
atures; phosphorus  and  (according  to  Mushet)  silicon  make  it 
**  cold  short /^  that  is,  brittle  at  low  temperatures.  These  ar^  both 
serious  defects;  but  the  latter  is  the  worse. 

SvlphuT  comes  in  general  from  coal  or  coke  used  as  fuel  Its 
pernicious  effects  can  be  avoided  altogether  by  using  fuel  which 
contains  no  sulphur;  and  hence  the  strongest  and  toughest  of  all 
iron  is  that  which  is  melted,  reduced,  and  puddled  either  with 
charcoal,  or  with  coal  or  coke  that  is  free  from  sulphur.  As  to  the 
artificial  remoyal  of  sulphur,  see  the  preceding  Article. 

Pho9phoruB  comes  in  most  cases  £rom  phosphate  of  iron  in  the 
ore,  or  fiom  phosphate  of  lime  in  the  ore,  the  fuel,  or  the  flux. 
Mr.  Calyert's  method  of  removing  it  has  already  been  mentioned 
abova  The  ores  which  contain  most  phosphorus  are  those  found 
in  strata  where  animal  remains  abound,  such  as  those  of  the  oolitic 
formation. 

CoZctum'and  Silicon  are  derived  respectively  from  the  decom-> 
position  of  lime  and  of  silica  by  the  chemical  affinity  of  carbon  for 
their  oxygen.  The  only  iron  which  is  entirely  free  from  these 
impurities  is  that  which  is  made  by  the  redaction  of  ores  that  con- 
tain neither  silica,  nor  lime,  such  as  pure  magnetic  iron  ore,  pure 
hssmatite,  or  pure  sparry  iron  ora 

If  either  of  those  earths  be  present  in  the  ore,  the  other  must  be 
added  as  a  flux,  to  form  a^skg  with  it;  and  a  small  portion  of 
each  of  them  will  be  deoxidated,  the  bases  uniting  with  the  iron. 
This  is  a  defect  of  earthy  ores  fat  which  no  remedy  is  yet  known. 

*  Aooordiiig  to  mdm  views  noently  tet  forth,  nUngm  is  on*  of  the  mmMi  oon- 
itita»ticfttMl|  tetlbiiwaBteconflnmitiQB. 
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The  statements  made  rektiye  to  caldnm  aze  i^licsble  also  to 

&e  effect  of  aluminium  upon  ^iron  is  not  known  witii  oo^ 
tainty. 

352.  Cut  iMM  is  the  product  of  the  prooesB  of  Sfne^^^n^  iioa 
ores.  In  that  process  the  ore  in  fiagments,  mixed  with  fMl  and 
with  flux,  is  subjected  to  an  intense  heat  in  a  blast-fumaoe,  aztd 
the  products  are  dag,  or  glassj  matter  formed  bj  the  ocmbinatim 
of  tne  flux  with  the  earthy  ingredients  Df  the  ore,  and  pi^  irtm, 
which  is  a  compound  of  iron  and  carbon,  either  unmixed,  or  mixed 
with  a  small  quantity  of  unoombined  carbon  in  the  state  c^ 
plumbago. 

The  ore  is  often  rocuted  or  calcined  before  being  smelted,  in 
order  to  expel  carbonic  acid  and  water. 

The  proportions  of  ore,  fuel,  and  flux  are  fixed  by  trial;  and  the 
success  of  the  operation  of  smelting  depends  much  on  those  ptopor- 
tions.  The  flux  is  generally  limestone,  from  which  the  carbonie 
acid  is  expelled  by  the  heat  of  the  furnace;  while  the  lime 
combines  with  the  silica  and  alumina  of  the  ore.  If  the  ore 
contains  carbonate  of  lime,  less  lime  is  required  as  a  flax.  If 
either  lime  or  silica  is  present  in  excess,  part  of  the  earth  which  is 
in  excess  forms  a  glassy  compound  with  oxide  of  iron,  which  runs 
off  amongst  the  slag,  so  that  part  of  the  iron  is  wasted;  and 
another  part  of  that  earth  becomes  reduced,  its  base  comHning 
with  the  iron  and  making  it  brittle,  as  has  been  stated  in  the 
preceding  article;  so  that  in  order  to  produce  at  once  the  greatest 
quantity  and  best  quality  of  iron  from  the  ore,  the  earthy  in- 
gredients of  the  entire  charge  of  the  furnace  must  be  in  certain 
definite  proportions,  which  are  disooyered  for  each  kind  of  ore  by 
careful  experiment. 

The  totol  quantity  of  carbon  in  pig  iron  ranges  fix>m  2  to  ^  per 
cent  of  its  weight 

Different  kinds  of  pig  iron  are  produced  from  the  same  ore  in  the 
same  furnace  under  different  circumstances  as  to  temperature  and 
quantity  of  fuel.  A  high  temperature  and  a  large  quantity  of  fiiel 
produce  grei/  cast  irony  which  is  further  distinguished  into  No.  1, 
No.  2,  No.  3,  and  so  on;  No.  1  being  that  produced  at  the  highest 
temperature.  A  low  temperature  and  a  deficiency  of  fuel  produce 
white  cast  ircTU  Grey  cast  iron  is  of  different  shades  of  bluish- 
grey  in  colour,  granular  in  texture,  softer  and  more  easily  fusible 
than,  white  cast  iron.  White  cast  iron  is  silvery  white,  either 
granular  or  crystalline,  comparatively  difficult  to  melt,  brittle,  and 
excessively  hard. 

It  appears  that  the  differences  between  those  kinds  of  iron 
depend  not  so  much  on  the  total  quantities  of  carbon  which  they 
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contain  as  on  the  proportions  of  that  carbon  which  are  respectively 
in  the  conditions  of  mechanical  mixture  and  of  chemical  combi- 
nation  with  the  iron*  Thns,  grej  cast  iron  contains  one  per  cent, 
and  sometimes  less^  of  carbon  in  chemical  combination  with  the 
iron,  and  from  one  to  three  or  /owr  per  cent  of  carbon  in  the  state 
of  plumbago  in  mechanical  mixture;  while  white  cast  iron  is  a 
lionLogeneous  chemical  compound  of  iron  with  from  2  to  4  per  cent 
of  carbon.  Of  the  different  kinds  of  grey  cast  iron.  No.  1  con- 
tains the  greatest  proportion  of  plumbago,  No.  2  the  next,  and 
80  on. 

There  are  two  kinds  of  white  cast  iron,  the  granular  and  the 
crystalline.  The  granular  kind  can  be  converted  into  grey 
cast  iron  by  fusion  and  slow  cooling;  and  grey  cast  iron 
can  be  converted  into  granular  white  cast  iron  by  fusion  and 
sudden  cooling.  This  lakes  place  most  readily  in  the  best  iron. 
Crystalline  white  cast  iron  is  harder  and  more  brittle  than 
granular,  and  is  not  capable  of  conversion  into  grey  cast  iron  by 
fusion  and  slow  cooling.  It  is  said  to  contain  more  carbon  than 
granular  white  cast  iron;  but  the  exact  difference  in  their  chemical 
composition  is  not  yet  known. 

Grey  cast  iron,  No.  1,  is  the  most  easily  fusible,  and  produces 
the  finest  and  most  accurate  castings ;  but  it  is  deficient  in  hard- 
ness and  strength;  and,  therefore,  although  it  is  the  best  for 
castings  of  moderate  size,  in  which  accuracy  is  of  more  importance 
than  strength,  it  is  inferior  to  the  harder  and  stronger  kinds,  Na 
2  and  No.  3,  for  large  structures. 

353.  Btreastk  •€  Cast  ■*•■• — Something  has  been  already  stated 
as  to  the  comparative  strength  of  different  kinds  of  cast  iron.  It 
may  be  laid  down  as  a  general  principle,  that  the  presence  of 
plumbago  renders  iron  comparatively  weak  and  pliable,  so  that  the 
order  of  strength  among  different  kinds  of  cast  iron  from  the  same 
ore  and  fuel  is  as  follows : — 

Granular  white  cast  iron. 
Grey  cast  iron.  No,  3. 
„        No.  2. 
„  „        No.  1. 

Oiystalline  white  cast  iron  is  not  introduced  into  this  classifi- 
cation, because  its  extreme  brittleness  makes  it  unfit  for  use  in 
engineering  structures. 

Granular  white  cast  iron  also,  although  stronger  and  harder 
than  grey  cast  iron,  is  too  brittle  to  be  a  safe  material  for  the 
entire  mass  of  any  girder,  or  other  large  piece  of  a  structure;  but 
it  is  used  to  form  a  hard  and  impenetrable  ekin  to  a  piece  of  grey 
cast  iron  by  the  process  called  chiUing,    This  consists  in  lining  the 
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portion  of  the  mould  where  a  hardened  but&ob  is  reqoired  wiA 
suitably  shaped  pieces  of  iron.  The  melted  metal,  on  being  nm  ib,  m 
oooled  and  solidified  suddenly  where  it  tonches  the  cold  iron;  ud 
for  a  certain  depth  from  the  chilled  sar&ce,  varying  from  about 
(th  to  ^  inch  in  different  kinds  of  iron,  it  takes  the  white  grannkr 
conditicm,  while  the  remainder  of  the  casting  takes  tlie  grey  con- 
dition. 

Even  in  castings  which  are  not  chilled  by  an  iron  lining  to  the 
mould,  the  outermost  layer,  being  cooled  more  rapidly  than  the 
interior,  approaches  more  nearly  to  the  white  condition,  and  fonns 
a  skin  harder  and  stronger  than  the  rest  of  the  casting. 

The  best  kinds  of  cast  iron  for  large  structuies  are  Koi  S  and 
Ka  3 ;  because,  being  stronger  than  No.  1,  and  softer  and  more 
flexible  than  white  cast  iron,  they  combine  strength  and  pliability 
in  the  manner  which  is  best  suited  for  safely  bearing  loads  that 
are  in  motion. 

As  to  the  comparative  strength  of  irons  melted  by*  the  cold  blast 
and  by  the  hot  blast,  it  appears  from  the  experiments  <^  Mr. 
Fairbum  and  Mr.  Hodgkinson,  that  with  the  same  kind  of  cMneaad 
fuel.  No.  1  cold  blast  ia  in  general  superior  to  Na  1  hot  blast  inm ; 
No.  2  hot  and  cold  blast  are  about  equally  good ;  Na  3  hot  blast  is 
in  general  superior  to  No.  3  cold  blast;  and  the  average  quality 
of  the  iron  on  the  whole  is  nearly  the  same  with  the  hot  as  with 
the  cold  blast 

A  strong  kind  of  cast  iron  called  Umghened  cast  mm,  is  pro> 
duced  by  the  process,  invented  by  Mr.  Morries  Stirling,  of  adding 
to  the  cast  iron,  and  melting  amongst  it,  from  one-fourth  to  one- 
seventh  of  its  weight  of  wrought  iron  scrap. 

The  manner  in  which  the  strength  of  cast  iron  depends  on  the 
abeenoe  of  impurities  from  the  ore  and  fuel  has  already  been 
mentioned  in  Article  351,  p.  497. 

Various  mixtures  of  different  qualities  of  iron  have  been  recom- 
mended by  diffei-ent  engineers  as  materials  for  large  castingB.  (On 
this  point  see  the  Report  on  the  Application  of  Iron  to  JiaUwof 
Structures,  p.  265.)  For  example,  Mr.  Fairbaim  recommended  the 
following  combination  :^ 

Lowmoor,  No.  3, 30  per  cent. 

Blaina,  or  Torki^ire,  No.  2, 25        „ 

Shropshire,  or  Derbyshire,  No.  3, «$        „ 

Good  old  malleable  scrap, 20        „ 

Sir  Charles  Fox  recommended  a  combination  of  two-thirds 
Welsh  cold  blast  iron,  and  one-third  Scotch  hot  blast  iron,  the 
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l&tter  Iseing  mannfactured  from  equal  proportions  of  black-band 
WLXid.  haematite  ores.  But  both  these  and  other  engineers  agreed  in 
coDBidering  that  the  best  course  for  an  engineer  to  take  in  order  to 
obtain  iron  of  a  certain  strength  for  a  proposed  structure  was,  not 
to  specify  to  the  founder  any  particular  mixture,  but  to  specify  a 
certain  minimum  strength  whi(m  the  iron  should  exert  when  tested 
hj  experiment. 

The  strength  of  cast  iron  to  resist  cross  breaking  was  found  by 
Mr.  Eairbairn  to  be  increased  by  reseated  meUings  up  to  the 
^wel/ihy  when  it  was  greater  than  at  the  first  in  the  ratio  of  7  to  5 
nearly.  After  the  twelfth  melting  that  sort  of  strength  rapidly  fell  oK 
The  resistance  to  crushing  went  on  increasing  after  each  succes- 
siTe  melting;  and  afler  the  eighteenth  melting  it  was  double  of  its 
original  amount,  the  iron  becoming  silvery  white  and  intensely 
hard. 

The  transverse  strength  of  No.  3  cast  iron  was  found  by  Mr. 
Fairbairu  not  to  be  diminished  by  raising  its  temperature  to  600^ 
'Fahr.  (being  about  the  temperature  of  melting  lead).  At  a  red 
heat  its  strength  fell  to  two-thirds. 

The  strength  of  cast  iron  of  every  kind  is  marked  by  two  pro- 
per;kies;  the  smallness  of  the  tenacity  as  compared  with  the  resist- 
ance to  crushing,  and  the  different  values  of  the  modulus  of 
rupture  of  the  same  kind  of  iron  in  bars  torn  directly  asunder,  and 
in  beams  of  different  forms  when  broken  across.  These  circum- 
stances  have  already  been  referred  to  in  Article  157,  p.  235, 
Article  164,  pp.  256  to  258,  and  Article  166,  p.  261.  The 
variations  in  ihe  modulus  of  rupture  for  beams  of  different  figures 
arise  in  all  probability  from  the  greater  tenacity  of  the  skin  as 
compared  with  the  interior  of  the  casting;  for  an  experiment  on  a 
bar  torn  directly  asunder  shows  the  least  tenacity  of  its  internal 
particles;  while  experiments  on  beams  broken  across  show  the 
tenacity  of  some  layer  which  is  nearer  to  or  further  from  the  skin 
according  to  the  form  of  cross-section. 

Intense  cold  makes  cast  iron  brittle;  and  sudden  changes  of 
temperature  sometimes  cause  large  pieces  of  it  to  split. 

The  proof  strength  of  cast  ii*on  has  been  shown  to  be  about 
one-third  of  the  breaking  load,  by  experiments  already  mentioned  in 
the  note  to  p.  221.  The  usual  /actor  of  safett/  for  the  working 
load  on  railway  structures  of  cast  iron  is  six,  (See  Article  143, 
p.  222.) 

In  addition  to  the  data  in  the  tables  at  the  end  of  the  volume, 
the  following  table  gives  results  as  to  the  strength  of  cast  iron, 
extracted  and  condensed  from  the  experiments  of  Mr.  Fairbaim 
and  Mr.'  Hodgkinson.  All  the  co-efficients  are  in  lbs.  on  the 
square  inch. 


MS 
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KladtoCIroa. 


DIreet 
Tenacttj. 


toDtract 


Ban. 


ffrom 


{fbODS 
to 


No.  1.  Gold  blMt, 

Nol  1.  Hotblaiti 

Ko.  2.  Coldblal^ ^ 

Na  2.  Hotbltft, {^ 

Ha  8.  Cold  blal^ -[^ 

No.  8.  Hot  bUit, {^ 

No.  4.  Sindtod  hy  ooke  without  nilphnr, 

ToogfamMd  cut  iron, |^ 

No.  8.  Hot  blMt  after  iint  mdtiiigv... 
u  n  n    twelfth  melting,. 

»  n  n    rfghteeiith  „     . 


14,200 

15,278 
23|468 

25*764 


80,561 
721193 
88,741 
68.532 
102,408 

82,734 
102,030 

76,900 
115^00 
101,831 
104,881 

129,876 

"9.457 
98,560 

1631744 
197,120 


36.693 

35.316 
33*453 
39.609 
28,917 


35.881 
47,061 

35.640 
43.497 
41.715 


56,060 
25.350 


14,000,000: 
15.380^000 
11.539.000. 
i5.5»oy€oo. 
12,586,000 
17,036,0001 
12,259,000 
16,301,000 
14,28  i/x» 
22,908^000 
15,852,000 
22,733.000 


It  is  to  be  understood  that  the  numbera  in  one  line  of  the  pre- 
ceding table  do  not  necessaiilj  belong  to  the  game  specimen  of  iron, 
each  number  being  an  extreme  result  for  the  kind  of  iron  specified 
in  the  first  column. 

The  modulus  of  rupture  of  cast  iron  by  wrenching  is  usually  given 
as  calculated  hy  an  erroneous  formula.  According  to  the  oonect 
formula,  it  is  on  an  average  of  several  experimentS| 

27,700  lbs.  on  the  square  incL 

If  this  be  denoted  hjf,  the  wrenching  moments  of  cast  iron  bars  are 

for  round  bars  of  the  diameter  A,  •196/'  A*  I ;    •  z*!,  iiw, 

for  square  bars  of  the  dimensions  hXh,  -281/  A«  /  "^  mcn-iDs. 


354.  CaaUMgs  ftr  Werko  of  BaglnoflriBt. — The  strength  and 
quality  of  the  iron  suitable  for  such  castings  has  already  been 
discussed 

As  to  appearance,  it  should  show  on  the  outer  surface  a  smooth, 
clear,  and  continuous  skin,  with  regular  &oes  and  sharp  anglea 
When  broken,  the  sur&ce  of  fitu;ture  £ould  be  of  a  light  bluish-grey 
colour  and  close-grained  texture,  with  considerable  metallic  lustre; 
both  colour  and  texture  should  be  uniform,  except  that  near  the 
skin  the  colour  may  be  somewhat  lighter  and  the  grain  closer;  if 
tiie  fractured  suifeuse  is  mottled^  either  with  patches  of  darker  or 
lighter  iron,  or  with  ciystalline  patches,  the  casting  will  be  unsafe; 
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and  it  will  be  still  more  unsafe  if  it  contains  air-bubbles.  The  iron 
ahotdd  be  soft  enough  to  be  slightly  indented  by  a  blow  of  a  hammer 
on  an  edge  of  the  casting. 

Castings  are  tested  for  air-bubbles  by  ringing  them  with  a 
liammer  all  over  the  sui'Deu^ 

Cast  iron,  like  many  other  substances,  when  at  or  near  the 
temperature  of  fusion,  is  a  little  more  bulky  for  the  same  weight  in 
the  solid  than  in  the  liquid  state,  as  is  shown  by  the  solid  iron 
floating  on  the  melted  iron.  This  causes  the  iron  as  it  solidifies 
to  fill  all  parts  of  the  mould  completely,  and  to  take  a  sharp  and 
accurate  figure. 

The  solid  iron  contracts  in  cooling  from  the  melting  point  down 
to  the  temperature  of  the  atmosphere,  by  ^^th  part  in  each  of  its 
linear  dimensions,  or  one-eigkth  of  an  inch  in  afoot;  and  therefore 
patterns  for  castings  are  made  larger  in  that  proportion  than  the 
intended  pieces  of  cast  iron  which  they  represent. 

In  designing  patterns  for  castings,  care  must  be  taken  to  avoid 
all  abrupt  variations  in  the  thickness  of  metal,  lest  parts  of  the 
casting  near  each  other  should  be  caused  to  cool  and  contract  with 
uneqiial  rapidity,  and  so  to  split  asunder  or  overstrain  the  iron. 

Iron  becomes  more  compact  and  sound  by  being  cast  under 
pressure;  and  hence  cast  iron  cannon,  pipes,  columns,  and  the 
like,  are  stronger  when  cast  in  a  vertical  than  in  a  horizontal 
poration,  and  stronger  still  "when  provided  with  a  head,  or  ad- 
ditional column  of  iron,  whose  weight  serves  to  compress  the  mass 
of  iron  in  the  mould  below  it.  The  air  bubbles  ascend  and  collect 
in  the  head,  which  is  broken  off  when  the  casting  is  cooL 

Care  should  be  taken  not  to  cut  or  remove  the  skin  of  a  piece 
of  cast  iron  at  those  points  where  the  stress  is  intense. 

Cast  iron  expands  in  linear  dimensions  by  about  l-900th,  or 
'OOllly  in  rising  from  the  freezing  to  the  boiling  point  of  water; 
being  at  the  rate  of  -00000617  for  each  degree  of  Fahrenheit's  scale, 
or  about  *0004  for  the  range  of  temperature  which  is  usual  in  the 
British  climate.  Every  structure  containing  cast  iron  must  be  so 
designed  that  the  greatest  expansion  and  contraction  of  the  castings 
by  change  of  temperature  shall  not  injure  the  structure. 

355.  Wrsaghc  or  niAiieabto  irsB  in  its  perfect  condition  is 
simply  pure  iron.  It  fidls  short  of  that  p^ect  condition  to  a 
greater  or  less  extent  owing  to  the  presence  of  impurities,  of 
which  the  most  common  and  injurious  have  been  mentioned,  and 
their  effects  stated,  in  Article  351,  p.  497 ;  and  its  strength  is  in 
general  greater  or  less  according  to  the  greater  or  less  purity  of  the 
ore  and  fuel  employed  in  its  manufactura 

Malleable  iron  may  be  made  either  by  direct  reduction  of  the  ore, 
or  by  the  abstraction  of  the  carbon  and  various  impurities  from 
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OMt  iron.  The  prooeas  of  direct  reduction  is  i^^cable  to  ridi  and 
pore  ores  only ;  and  it  leaves  a  slag  or  ''  dnd^"  whidb  contains  a 
Ui^  proportion  of  oxide  of  iron,  and  yields  pig  iron  by  smiting. 
The  most  economical  and  generally  applicable  process  is  that  of 
removing  the  foreign  constituents  from  pig  iron;  and  for  thai 
purpose  white  pig  iron  (called  ^'foige  pig")  is  usually  employed, 
piutly  because  it  retains  less  carbon  on  the  whole  than  grey  pig  iron, 
and  partly  because  it  is  unfit  for  making  castings.  The  details  of  the 
process  are  very  much  varied;  but  the  most  important  principle  of 
its  operation  always  is  to  bring  the  pig  iron  in  a  melted  state  into 
dose  contact  with  a  quantity  of  air  sufficient  to  oxidate  all  the 
carbon  and  silicon.  The  carbon  escapes  in  carbonic  oxide  or 
carbonic  acid  gas;  the  silica  produced  by  the  oxidation  of  the 
silicon  combines  partly  with  protoxide  of  iron  and  partly  with 
lime  (which  is  sometimes  introduced  as  a  flux  for  it),  and  forms 
slag  or  "cinder."  Chloride  of  sodium  (common  salt)  is  used  to 
remove  sulphur  and  phosphorus.  In  one  form  of  the  process  this 
is  accomplished  by  injecting  jets  of  steam  amongst  the  moltoi 
iron;  the  oxygen  of  the  steam  assists  in  oxidating  the  carbon 
and  silicon,  and  the  hydrogen  combines  with  the  sulphur  and 
phosphorua  The  surest  method,  however,  of  obtaining  iron  hee 
from  the  weakening  effects  of  sulphur  and  phosphorus  is  to  employ 
ores  and  fuel  that  do  not  contain  those  constituents. 

The  most  common  form  of  the  process  of  making  malleable  iron 
is  puddling,  in  which  the  pig  iron  is  melted  in  a  reverberat^ 
furnace,  and  is  brought  into  close  contact  with  the  air  by  stirring 
it  with  a  rake  or  "  rabble."  Some  iron  makers  precede  the  process 
of  puddling  by  that  of  ''refining,"  in  which  the  pig  iron,  in  a 
melted  state,  has  a  blast  of  air  blown  over  its  sur&ce.  This  removes 
part  of  the  carbon,  and  leaves  a  white  crystalline  compound  of  iron 
and  carbon  called  "  refiners*  metal."  Others  omit  the  refining  and 
at  once  puddle  the  pig  iron;  this  is  called  "pig  boiling,'*  The 
removal  of  the  carbon  i&  indicated  by  the  thickening  of  the  mass  of 
'iron,  malleable  iron  requiring  a  higher  temperature  for  itsfiisioii 
than  cast  iron.  It  is  formed  into  a  lump  called  a  ''loup"  or 
"  bloom,"  taken  out  of  the  furnace,  and  placed  under  a  tilt  hammer 
or  in  a  suitable  squeezing  machine,  to  be  ''  shingled;*"  that  is,  to 
have  the  cinder  forced  out,  and  the  particles  of  iron  welded 
together  by  blows  or  pressure. 

The  bloom  is  then  passed  between  rollers,  and  rolled  into  a 
bar;  the  bar  is  cut  into  short  lengths,  which  aro  &gotted  togetb^, 
reheated,  and  rolled  again  into  one  bar;  and  this  process  is  repeated 
till  the  iron  has  become  sufficiently  compact  and  has  acquired  a 
fibrous  structure. 

In  Mr.  Bessemer's  process^  the  molten  pig  iron,  having  been  ran 
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into  a  suitable  vesBel,  has  jets  of  air  blown  tbronffh  it  by  a  bldwing 
machina  The  oxygen  of  the  air  combines  with  the  silicon  and 
carbon  of  the  pig  iron,  and  in  so  doing  produces  enough  of  heat  to 
keep  the  iron  in  a  melted  state  till  it  is  brought  to  the  malleable 
condition;  it  is  then  ran  into  large  ingots,  which  are  hammered 
and  rolled  in  the  usual  way.  This  process  has  been  most  success- 
£ul  when  applied  to  pig  iron  that  is  free  from  sulphur  and  phos- 
phorus, such  as  that  of  Sweden  and  Nova  Scotia. 

Strength  and  toughness  in  bar  iron  are  indicated  by  a  fine,  close, 
and  uniform  fibrous  structure,  free  from  all  appearance  of  crystal- 
lization, with  a  clear  bluish-grey  colour  and  silky  lustre  on  a  torn 
sor&ce  where  the  fibres  are  idiown. 

Flate  iron  of  the  best  kind  consists  of  alternate  layers  of  fibres 
crossing  each  other,  and  ought  to  be  nearly  of  the  same  tenacity  in 
all  dir^ona 

Malleable  iron  is  distinguished  by  the  property  of  wdding :  two 
pieces,  if  raised  nearly  to  a  white  heat  and  preased  or  hammered 
firmly  together,  adhering  so  as  to  form  one  piece.  In  all  operations 
of  rolling  or  forging  iron  of  which  welding  forms  a  part,  it  is 
essential  that  the  sui&ces  to  be  welded  should  be  brought  into 
close  contact,  and  should  be  perfectly  clean  and  free  from  oxide  of 
iron,  cinder,  and  all  foreign  matter. 

In  all  cases  in  which  several  bars  are  to  be  fagotted  or  rolled 
into  one  attention  should  be  paid  to  the  manner  in  which  they  are 
^' piled''  or  built  tc^ther,  so  that  the  pressure  exerted  by  the 
hammer  or  the  rollers  may  be  transmitted  through  the  whole  mass. 
If  this  be  neglected,  the  finished  bar  or  other  piece  may  show  flaws 
marking  the  divisions  between  the  bars  of  the  pile  (as  is  often 
exemplified  in  rails). 

Wrought  iron,  aJthough  it  is  at  first  made  more  compact  and 
strong  by  reheating  and  hammering,  or  otherwise  working  it,  soon 
reaches  a  state  of  maximum  strength,  after  which  all  reheating  and 
working  rapidly  makes  it  weaker  (as  will  afterwards  be  shown  by 
examples).  Good  bar  iron  has  in  general  attained  its  maximum 
strength;  and  therefore,  in  all  operations  of  forging  it^  whether  on 
a  great  or  small  scale,  by  the  steam-hammer  or  by  that  in  the 
hand  of  the  blacksmith,  the  desired  size  and  figure  ought  to  be 
given  with  the  least  possible  amount  of  reheating  and  working. 

It  is  still  a  matter  of  dispute  to  what  extent  and  under  what 
circumstances  wrought  iron  loses  its  fibrous  structure  and  tough- 
ness, and  becomes  crystaUine  and  brittle.  By  some  authorities  it 
is  asserted  that  all  idiocks  and  vibrations  tend  to  produce  that 
change ;  others  maintain  that  only  eharp  shocks  and  vibrations  do 
so;  and  others,  that  no  such  change  takes  place;  but  that  the  same 
piece  of  iron  which  shows  a  fibrous  fracture^  if  gradually  broken  by 
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a  steacly  load,  will  show  a  crjBtalline  fracturey  if  sudd^j  bn^en 
bj  a  shaip  blow.  The  author  of  this  work  at  one  time  made  a 
oollection  of  Beveral  jonrnals  of  railway  carriage  axles,  which,  after 
mnninff  for  two  or  three  years,  had  broken  spontaneously  by  the 
graduafcreeping  inwards  of  an  invisible  crack  at  the  shoulder.  Ihd 
fracture  of  every  one  of  these  was  wholly  or  almost  wholly  fibrous; 
while  other  asdes  from  the  same  works,  when  broken  by  the 
hammer,  showed  some  a  fibrous  and  others  a  crystalline  frac^^ore:* 
It  is  certain,  at  all  events,  that  iron  ought  to  be  as  little  as  possible 
exposed  to  nharp  blows  and  rattling  vibrations. 

It  is  of  great  importance  to  the  strength  of  all  pieces  of  fi^rged 
iron  that  the  eontirmUy  qfthejibrea  near  the  snr&ce  should  be  as 
little  interrupted  as  possible;  in  other  words,  that  the  fibres  near 
the  surface  should  lie  in  layers  parallel  to  the  surfEuse.  This 
principle  is  illustrated  by  the  results  of  some  experiments  made  by 
the  author  of  this  work  on  the  fracture  of  axles.  Two  cylindrical 
wrought  iron  railway  carriage  axles,  one  rolled,  the  oth^  fiigotted 
with  the  hammer,  of  four  inches  in  diameter,  were  taken ;  a  pair 
of  journals  of  two  inches  in  diameter  were  formed  on  the  ends  of 
eatm  axle,  one  journal  being  reduced  to  the  smaller  diameter 
entirely  by  turning,  so  that  the  fibres  at  the  shoulder  did  not  follow 
the  surface,  and  ti^e  other  as  fieir  as  possible  by  forging  with  the 
hammer,  only  one-sixteenth  of  an  inch'  being  turned  off  in  the 
lathe  to  make  it  smooth,  so  that  the  fibres  at  the  shoulder  followed 
the  surface  almost  exactly.  All  the  journals  were  then  broken  off 
by  blows  with  a  16  lb.  hammer;  when  those  whose  diameters  had 
been  reduced  by  turning  broke  off  with  iike  first  blow;  and  of 
those  which  had  been  drawn  down  by  forging,  that  of  the  rolled 
axle  broke  off  with  the  fifth  blow,  that  of  the  hammered  axle  with 
the  eighth.    {Proceedings  of  the  Inst,  of  Civil  Engineers,  1843.) 

Another  important  principle  in  designing  pieces  of  forged  iron 
which  are  to  sustain  shocks  and  vibrations,  is  to  avoid  as  much 
as  possible  abrupt  variations  of  dimensions  and  angular  figures, 
especially  those  with  re-entering  angles;  for  at  the  points  where 
such  abrupt  variations  and  angles  occur  fractures  are  apt  to 
commence.  If  two  parts  of  a  shaft,  for  example,  or  of  a  beam 
exposed  to  shocks  and  vibrations,  are  to  be  of  different  thicknesses, 
they  should  be  connected  by  means  of  curved  surfaces,  so  that  the 
change  of  thickness  may  take  place  gradually,  and  without  re- 
entering angles. 

356.  9ic«i  and  ateely  Iron* — Steel,  the  hardest  of  the  metals  and 
the  strongest  of  known  substances,  is  a  compound  of  iron  with  from 

*  Fall-sized  drawings  of  the  fractured  SDT&ces  of  several  of  these  axles  are  in  the 
possession  of  the  Institation  of  Civil  EDgineers. 
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0-5  to  1*5  per  cent  of  its  weight  of  carbon.  These,  according  to 
znoet  authorities^  are  the  only  essential  constituents  of  steeL  (See 
Article  350,  p.  497.) 

The  term  ''  steely  iron,"  or  "  semi-steel,"  may  be  appUed  to  com^ 
pounds  of  iron  with  less  than  0*5  per  cent,  of  carbon.  They  are 
intermediate  in  hardness  and  other  properties  between  steel  and 
malleable  iron. 

In  general,  such  compounds  are  the  harder  and  the  stronger,  and 
also  i£e  more  easily  fusible,  the  more  carbon  they  contain;  those 
kinds  which  contam  less  carbon,  though  weaker,  are  more  easily 
^welded  and  forged,  and  from  their  greater  pliability  are  the  fitter 
for  structures  that  are  exposed  to  shocks. 

Impurities  of  different  kinds  affect  steel  injuriously  in  the  same 
■way  with  iron.     (See  Article  351,  p.  497.) 

There  are  certain  foreign  substances  which  have  a  beneficial  effect 
on  steeL  One  2,000th  part  of  its  weight  of  silicon  causes  steel  to 
oool  and  solidify  without  bubbling  or  agitation;  but  a  larger  pro- 
portion is  not  to  be  used,  as  it  would  make  the  steel  brittle.  The 
presence  of  manganese  in  the  iron,  or  its  introduction  into  the 
crucible  or  vessel  in  which  steel  is  made,  improves  the  steel  by 
increasing  its  toughness  and  making  it  easier  to  weld  and  forge ; 
but  whether  the  manganese  remains  in  combination  with  the  iron 
and  carbon  in  the  steel,  or  whether  it  produces  its  effects  by  its 
temporary  presence  only,  is  not  known  with  certainty. 

Steel  is  distinguished  by  the  property  of  tempering;  that  is  to 
say,  it  can  be  hardened  by  sudden  cooling  from  a  high  temperature, 
and  softened  by  gradual  cooling;  and  its  degree  of  hardness  or  soft- 
ness can  be  r^ulated  with  precision  by  suitably  fixing  that  temper- 
ature. The  ordinary  practice  is,  to  bring  all  articles  of  steel  to  a 
high  degree  of  hardness  by  sudden  cooling,  and  then  to  soflen  them 
more  or  less  by  raising  them  to  a  temperature  which  is  the  higher 
the  softer  the  articles  are  to  be  made,  and  letting  them  oool  very 
gradually.  The  elevation  of  temperature  previous  to  the  ''anneal* 
ing"  or  gradual  cooling  is  produced  by  plunging  the  articles  into  a 
bath  of  a  fusible  metallic  alloy.  The  temperature  of  the  bath 
rang^  from  430°  to  560°  Fahr. 

It  is  supposed  that  hard  steel  is  analogous  to  granular  white  cast 
iron,  being  a  homogeneous  chemical  compound  of  iron  and  carbon; 
that  soft  steel  is  analogous  to  grey  cast  iron,  and  is  a  mixtui*e  of  a 
carburet  of  iron  containing  less  carbon  than  hard  steel  with 
another  carburet  containing  more  carbon;  and  that  slow  cooling 
&vours  the  separation  of  those  two  carburets. 

Steel  is  made  by  various  processes,  which  have  of  late  become 
very  numerous.  They  may  all  be  classed  under  two  heads,  viz., 
adding  carbon  to  malleable  iron,  and  abstracting  carbon  fix>m  cast 
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iron.  The  former  class  of  processes,  though  the  more  oomplezy 
Iftborious,  and  ezpensiye,  is  preferred  for  making  steel  for  cnttii^ 
tools  and  other  fine  puiposes,  because  of  its  being  etaamt  to  obtain 
malleable  iron  than  cast  iron  in  a  high  state  of  purity:  The  latter 
class  of  processes  is  the  best  adapted  for  making  great  masaes  of 
steel  and  steelj  iron  rapidly  and  at  moderate  expense.  The 
following  are  some  of  the  processes  employed  in  mating  different 
kinds  of  steel : — 

L  Blister  Sted  is  made  by  a  process  called  ''  cemaU/atUm^  whidi 
consists  in  imbedding  bars  of  the  purest  wrought  iron  (such  as  that 
manu&otured  by  charcoal  from  magnetic  iron  ore)  in  a  layer  of 
charcoal,  and  subjecting  them  for  several  days  to  a  high  temper^ 
ature.  Each  bar  absorbs  carbon,  and  its  surfsu^e  becomes  cosiveTted 
into  steel,  while  the  interior  is  in  a  condition  intermediate  between 
steel  and  iron.  Cementation  may  also  be  performed  by  exposing 
the  surfJEU^e  of  the  iron  to  a  current  of  carburetted  hydrogen  gas  at 
a  high  temperature.  Cementation  is  sometimes  applied  to  the 
sur&ces  of  articles  of  malleable  iron  in  order  to  give  them  a  akin 
or  coating  of  steel,  and  is  called  "  ca9&-hardening.^ 

II.  Shear  Sted  is  made  by  breaking  bars  of  blister  steel  into 
lengths,  making  them  into  bundles  or  fagots,  and  rolling  them  out 
at  a  welding  heat,  and  repeating  the  process  until  a  near  approach 
to  uniformity  of  composition  and  texture  has  been  obtained.  It  is 
used  for  various  tools  and  cutting  implements. 

III.  Gcist  Sted  is  made  by  melting  bars  of  blister  sted  in  a 
crucible,  along  with  a  small  additional  quantity  of  carbon  (usually 
in  the  form  of  coal  tar)  and  some  manganese.  It  is  the  purest 
most  uniform,  and  strongest  steel,  and  is  used  for  the  finest  cutting 
implements. 

Another  process  for  making  cast  steel,  but  one  requiring  a  higher 
temperature  than  the  preceding,  is  to  melt  bars  of  the  purest 
malleable  iron  with  manganese  and  with  the  whole  quantity  of 
carbon  required  in  order  to  form  steel  The  quality  of  the  steel 
as  to  hardness  is  regulated  by  the  proportion  of  carbon.  A  sort  of 
semi-steel,  or  steely  iron,  inade  by  this  process,  and  containing  a 
small  proportion  of  carbon  only,  is  known  as  homogeneous  metoL    < 

lY.  Sted  made  by  the  avr  blast  is  produced  from  molten  pig  iron 
by  Mr.  Bessemer's  process  (Article  355,  p.  504)  in  two  ways; 
either  the  blowing  of  jets  of  air  through  the  iron  is  stopped  at  an 
instant  determined  by  experience,  when  it  is  known  that  a 
quantity  of  carbon  still  remains  in  the  iron  sufficient  to  make  steel 
of  the  kind  required,  or  else  the  blast  is  continued  until  the  carbon 
is  all  removed,  so  that  the  vessel  is  full  of  pure  maUeable  iron  in 
the  melted  state,  and  carbon  is  added  in  ike  proper  proportion, 
along  with  manganese  and  silicon.    The  steel  thus  produced  is  ran 
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ixito  large  ingotSy  which  are  hammered  and  rolled  like  blooms  of 
'vrrought  iron. 

V.  Puddled  Sted  is  made  by  puddling  pig  iron  (Article  355, 
p.  604),  and  stopping  the  process  at  the  instant  when  the  proper 
cLnantity  of  carbon  remainsi  The  bloom  is  shingled  and  rolled  like 
bar  iron. 

VI.  Grantdaled  Sted  (the  invention  of  Captain  TTchatins)  is 

made  by  mnning  melted  pig  iron  into  a  cistern  of  water,  over  a 

-wheel,  which  dashes  it  about  so  that  it  is  found  at  the  bottom  of 

the  cistern  in  the  form  of  grains  or  lumps  of  the  size  of  a  hazel  nut^ 

or  thereabouts.     These  are  imbedded  in  pulverized  haematite,  or 

sparry  iron  ore,  and  exposed  to  a  heat  sufficient  to  cause  part  of 

the  oxygen  of  the  ore  to  combine  with  and  extract  the  carbon 

firom  the  superficial  layer  of  each  of  the  lumps  of  iron,  each  of 

-which  is  reduced  to  the  condition  of  malleable  iron  at  the  surface, 

while  its  heart  continues  in  the  state  of  cast  iron.     A  small  ad* 

ditional  quantity  of  malleable  iron  is  produced  by  the  reduction 

of  the  ore.      These  ingredients  being  melted  together,  produce 

BteeL 

There  are  other  processes  for  making  steel  and  steely  iron  of 
which  the  details  are  not  yet  publicly  known. 

357.  Mtrengftk  of  WrMif  kc  Ixmm.  mmA  SieeL — ^Wrought  iron,  like 
£brou8  substances  in  general,  is  more  tenacious  along  than  across 
the  fibres;  and  its  tenacity  is  greater  than  its  resistance  to 
crushing.  The  effect  of  the  latter  difference  on  the  best  forms 
of  cross-section  for  beams  has  already  been  considered  in  Article 
164,  pp.  256  to  259,  and  will  be  further  illustrated  in  the  sequel. 

The  ductility  of  wrought  iron  often  causes  it  to  yield  by 
degrees  to  a  load,  so  that  it  is  difficult  to  determine  its  istrength 
with  precision. 

Wrought  iron  has  its  longitudinal  tenacity  considerably  in- 
creased by  rolling  and  wire-drawing;  so  that  the  smaller  sizes  of 
bars  are  on  the  whole  more  tenacious  than  the  larger ;  and  iron  wire 
is  more  tenacious  still,  as  the  fiigures  in  the  table  of  tenacity  at  the 
end  of  the  volume  show. 

Wrought  iron  is  weakened  by  too  frequent  reheating  and  forging ; 
80  that  even  in  the  best  of  laige  forgings,  the  tenacity  is  only 
about  thre&-fowrih8  of  that  of  the  bars  from  which  the  forgings  were 
made,  and  sometimes  even  lesa 

As  to  the  effect  of  heal  en  the  Hrength  of  toroughi  iron,  it  has 
been  shown  by  Mr.  Fairbaim  {Uae/kU  InformaUon  for  Engineers^ 
aeooud  series)  i^^ 

L  That  the  tenacity  of  ordinary  hoUer  plate  is  not  appreciably 
dimioished  at  a  temperature  of  395^  Fahr.,  but  that  at  a  dull  red 
heat  it  is  diminished  to  about  three-fourths. 
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IL  That  the  tenacity  of  good  rivd  iron  increaees  with  deraticm 
of  temperature  up  to  about  320*  Fahr.,  at  which  point  it  is  about 
one-third  greater  than  at  ordinary  atmo0[^eric  tempeiatureB;  and 
that  it  then  diminiahea,  and  at  a  red  heat  ia  reduced  to  little  more 
than  one-half  of  its  value  at  ordinary  atmoipheric  temperatures 

The  resiatanoe  of  iron  rivets  to  shearing  is  neariy  the  same  wiih 
the  tenacity  of  the  best  boiler  plates. 

As  to  the  strength  of  wrought  iron  to  resist  cmahing^  see 
Article  157,  p.  237. 

Numerous  experiments  have  been  made  on  the  tenadiy  of  steel; 
but  its  other  kinds  of  strength  have  been  very  little  investigated. 
Its  tenacity,  like  that  of  bar  iron,  is  increased  by  rolling  and  wire- 
drawing. 

The  experiments  already  quoted  in  the  note  to  Article  142, 
p.  221,  have  shown  that  the  proof  girengih  of  wrought  iron  is 
almost  exactly  one-third  of  the  breaking  load. 

The  tables  at  the  end  of  the  volume  give  only  average  or  extreme 
results  as  to  the  strength  of  wrought  iron  and  steel;  and  therefore 
the  following  tables  are  here  annexed,  in  which  more  details  are 
given,  but  still  in  a  very  condensed  form,  chiefly  on  the  authcxity 
of  Mr.  Fairbaim,  Mr.  Hodgkinson^  and  Messrs.  R  Napier  and 
Sons: — 

Table  of  the  Tenacitt  of  Wrought  laoir  akd  Stkbu 

MATJ.KABT.E  IbOK. 

''^:?:...?!!!:*:}  "4.-  ^- 

Wire — Average, 86,000      T. 

Wire — ^Weak, 71,000  Ma 

Yorkshire  (Lowmoor),...  64,300      F.  53,490  F. 

„  from  66,390  )  ^  r  0-20 

to  60,075/     '  1 0-26 

Yorkshire  (Lowmoor)  1 

and      Staffordshire  >  59,740      F.  o*3too'25 

rivet  iron, j 

Charcoal  bar, 63,630      F.  o*3 

Staffordshire  bar,...  from  62,231  )  ^  / '302 

to  56,715/^'  t-i86 

Yorkshire  bridge  iron,...  49,930      F.  43,940  F,        •04; '029 

Staffordshire  bridge  iron,  47,600      F.  44,385  -04;  X)36 

Lanarkshire  bar,...  from  64,795  )  ^  /  •158 

to  S^y^SSi  t-*3B 


nsAcnr  of  wbouoht  xboh. 
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Table — eaniinued. 


I>«acriptioii  of  MateruO. 

lAncaflhire  bar, ....  from 

to 
Sw^edish  bar, from 

to 
RnaHJan  bar, from 

to 
Bushelled  iron    from ) 

turnings, j 

'Hammeml  scrap, 53>430 


Tenacity  in  Iba.  per  Sqnan  Incli.     Ultimate 
Lengthwise.  Groaswise.        Extension. 


6o,iio  I 

53,775 
48,232 

47,855. 
56,805 
49,564 . 

55,878 


N. 
N. 
N. 
K 


Straps  from  van- )  from 
ous  districts,...  I       to 

Bessemer's  iron,  cast 
ingot, 

Beaaemer's  iron,  ham- 
mered or  j:olled,  .... 

Bessemer's  iron,  boiler ) 
plate, j 

Yorkshire  plates, . . .  from 
to 

Staffordshire  plates,  from     56,996)^1^   51,251 

to     46,404/^'   '-^' 
Staffordshire     plates, ) 
best-best,   charcoal,  J 
Staffordshire          )  from 
plates,  best-b^,  j      to 
Staffordshire  plates,  best, 
Staffordshire      plates, ) 
common, j 


55,937  I  jj 
41,386  l^- 

41,243  W. 
72,643  W. 
68,319    w. 

}  "•  Si: 


58,487 
52,000 


033 

221 


4S,oio 

59,820 

49,945 
61,280 

50,820 


44,764  J 
F.  41,420 

F.  54,8ao 
F.  46,470 
F.  53,820 

F.  52,825 
F.  45,015 


•109;  -059 

•170;  113 
•04;    034 

•^3;  -059 

•05;    -045 

•05;   -038 
•067;  -04 
•077;  -045 

•05;    -043 

043;  '028 


Lancashire  plates, 48,865 

Lanarkshire  plates,  from  53,849  )  j^-   48,848  1  ja-  (  '033;  •014 

^                                  to  43,433  J  *  39,544  j      *  I  -093;  046 

Durham  plates, 5^,245  N.  46,712  '089; '064 


Sffecta  o/BeheoHng  and  BoUing. 

Puddled  bar, 43,904 

The    same    iron    five^ 

times  piled,  reheated  >     61,824 

and  rolled, I 

The  same  iron  eleven  ) 

time8piled,reheated  v     43,904 

androlledy J 


fflS 
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Tenacity  in  lU.  per 
Lengthraa^ 


I>«cription  of  llAtarid. 

Srenffth  qf  Large  Forginga. 
Bars  cut  out  of  |^^^ 

a  large  forged  V      ^ 

crank, ) 

Bars  cut  out  of  laige  )        ^^^     ^ 

forgiDgs, /     ^^ 

Stkkl  Ain>  Stselt  Iron. 

Cast  steel  bars,  rol- )  from 

led  and  forged,  j       to 
Cast  steel  bara,  rolled 

and  forged, 

Blistered    steel    bars, 

rolled  and  forged,. . . 
Shear  steel  bars,  rolled 

and  forged, 

Bessemer^s  steel  bars, 

rolled  and  forged,... 
Bessemer's  steel  bars, 

cast  ingots, 

Be8semer*s  steel  ban, 

hammered  or  rolled, 
Spring  steel  bars,  ham- 
mered or  rolled, 

Homogeneous     metal 

bars,  rolled, 
Homogeneous 

bars,  rolled. 
Homogeneous     metal 

bars,  forged,.. 
Puddled       steel   )  |.    ^ 

bars,  rolled  and  V*^^ 

forged, ) 

Fuddled    steel    bars, 

rolled  and  forged, . . . 
Puddled    steel    bars, 

rolled  and  forged, . . .  ^ 
Mushet*s     gun-metal, . . . 
Cast  steel  pktes,....  from 
to 


CnMwIie^ 


metal 


44,758/ ^• 


^32,909  I  jj 
92,015/     • 

130,000  R 

104,298  N. 

118,468  N. 

111,460  N. 

63,024  W. 

152,912  W. 

72,529  N. 

90,647  N. 

93,000  F. 

89,724  N. 

71,4841  v 
62,768  /  ■"• 

90,000     F. 

94,752    M. 
103,400     F. 


r-a7o 
ti68 


103,400      F. 
94,289)  j^   96,3081  jf 
75,594/ ^'69,082/  ^• 


f^52 
1-153 


•097 
■05s 


•180 
•137 

•119 

fi9i 
I -091 


0-034 

fx)57;'096 

I  198; -19^ 
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Table — contmued, 

Tk^^^^^^t^  ^  iff.«^.i        Tenacity  in  lbs.  per  Sqoin  Inelu  .Ultimate 

I>escnpaaii  of  Material  Len^wiae.        Croaawise.  Eiitenaion. 

Cast  steel  plates,....  bard   102^900  )  •»  f  '031 

soft       85,400  /     •  ,  \  031 

Paddled    steel )      from  102,593  )  ^   85,365  )  -ix    /  028;  -013 

plates, ;         to    71,532  J         67,686/  "^^  \  -082; -057 

Puddled  steelplates, 93,600      F.  0*125 

In  the  preceding  table  the  following  abbreviations  are  used  for 
the  names  of  authorities : — 

C,  Clay;  F.,  Fairbaim;  H,,  Hodgkinson;  M.,  Mallet;  Mo., 
Morin;  N.,*  Napier  k  Sons;  R,  Rennie;  T.,  Telford;  W., 
Wilmot. 

The  column  headed  "  Ultimate  Extension"  gives  the  ratio  of  the 
elongation  of  the  piece  at  the  instant  of  breaking  to  its  original 
length.  It  famishes  an  index  (but  a  somewhat  vague  one)  to  the 
ductility  of  the  metal,  and  its  consequent  safety  as  a  material  for 
resisting  shocks.  The  vagueness  arises  from  the  fact,  that  the 
elongation  of  a  bar  just  b^ore  breaking  consists  not  so  much  of  a 
stretching  of  each  particle  as  of  a  permanent  drawing  out,  with  a 
new  arrangement  of  the  particles;  and  that  it  bears  no  fixed  pro- 
poi-tion,  even  in  the  same  material,  to  the  original  length,  being 
proportionally  greater  for  short  than  for  long  bars.  It  is  probable 
that  it  depends  on  the  thickness  of  the  piece  as  well  as  on  its 
length. 

When  two  numbers  separated  by  a  semicolon  appear  in  the 
column  of  ultimate  extension  (thus  -082;  -057),  the  first  denotes 
the  ultimate  extension  lengthwise,  and  the  second  crosswise. 

358.  RMiiicnee  of  irmt  aikl  Steel. — In  order  to  obtain  an  exact 
measure  of  the  capacity  of  a  material  for  resisting  shocks  hy 
tension,  the  modulus  of  dasticUt/y  as  well  as  the  tenacity,  must  be 
known;  and  then  the  modvlus  of  resilience  (whose  nature  and  use 
have  been  explained  in  Article  149,  p.  227,  and  Article  173, 
P-  279)  can  be  computed  in  inchrpotmds  to  the  cubic  inck,  by 
dividing  the  sgua/re  of  the  proof  tenacity  by  the  modulus  of  elasticity. 
For  iron  and  steel,  the  proof  tenacity  may  be  estimated  at  cme- 
thi/rd  of  the  ultimate  tenacity. 

The  experimenta  vhose  extreme  reeulta  are  marked  N.  were  conducted  for 
Mesan.  R.  Napier  &  Sona,  bv  Mr.  Kirkald^.  For  details,  see  Tran$acUoni  qfth€ 
^tt<titeti<ni  (ifEngween  in  Seotlandj  1868.9. 

2l 
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The  following  table  gives  some  examples  of  snch  computa- 
tions:— 

M„«..«.«T««o».         T»«Uy.    T««l.y.      ^^^     j,^^^ 

Cast  iron — "Weak, i3)400  41467  14,000,000     1*425 

„           Average, 1 6,500  5,500  1 7,000,000     178 

„          Strong, 29,000  9|667  32,900,000     4-08 

Bar  iron — Good  average,  60,000  20,000  29,000,000  1379 

Plate  iron — Good  average,  50,000  1 6,66*7  24,000,000?  1 1  "57  ? 

Iron  Wire — Good  average,  90,000  30,000  25,300,000  35*57 

Steel — Soft, 90,000  30,000  29,000,000  3 1  "03 

„       Hard, 132,000  44,000  42,000,000  46-10 

To  express  the  power  of  resisting  shocks  by  compression^  the 
resistance  to  crushing  might  be  substituted  in  these  calculations 
for  the  tenacity;  but  owing  to  the  indirect  manner  in  which 
fracture  by  crushing  takes  place,  the  result  would  be  of  very 
doubtful  accuracy. 

359.  €«rroBloM  aikl  PrcMrrvtloM  of  Imb. — On  this  point,  see 
Article  330,  p.  462,  where  some  of  the  best  methods  of  preserving 
the  surface  of  iron  from  oxidation  have  already  been  mentioned. 

Cast  iron  will  often  last  for  a  long  time  without  rusting,  if  care 
be  taken  not  to  injure  its  skin,  which  is  usually  coated  with  a  film 
of  silicate  of  the  protoxide  of  iron,  produced  by  the  action  of  the 
sand  of  the  mould  on  the  iron.  Chilled  surfaces  of  castings  are 
without  this  protection,  and  therefore  rust  more  rapidly. 

The  corrosion  of  iron  is  more  rapid  when  partly  wet  and  partly 
diy  than  when  wholly  immersed  in  water  or  wholly  exposed  to 
the  air.  It  is  accelerated  by  impurities  in  wat«r,  and  especially  by 
the  presence  of  decomposing  organic  matter,  or  of  fi'ee  acids.  It  is 
also  accelerated  by  the  contact  of  the  iron  with  any  metal  which  is 
electro-negative  relatively  to  the  iron,  or  in  other  words,  has  les 
affinity  for  oxygen,  or  with  the  rust  of  the  iron  itself.  If  two 
portions  of  a  mass  of  iron  are  in  different  conditions,  so  that  one 
has  less  affinity  for  oxygen  than  the  other,  the  contact  of  the 
fonner  makes  the  latter  oxidate  more  rapidly.  In  general,  hard 
and  crystalline  iron  is  less  oxidable  than  ductile  and  fibrous  iron. 

Cast  iron  and  steel  decompose  rapidly  in  warm  or  impure  sea- 
water. 

Pieces  of  iron  which  are  kept  constantly  in  a  state  of  vibration 
oxidate  less  rapidly  than  those  which  are  at  rest ;  for  example,  the 
rails  of  a  railway  on  which  a  constant  traffic  runs  rust  much  more 
slowly  than  those  on  which  there  is  little  or  no  traffia 

(See  Mallet  "  On  the  Corrosion  of  Iron,"  in  the  B^ooris  qftkt 
BrUish  AssodoHon  for  1843  and  1849.) 
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Section  IL — 0/  Iron  Fastenings. 

360.  Birds  are  made  of  the  most  tough  and  ductile  iron.  (See 
'*  Rivet  Iron,"  in  the  preceding  tables  of  strength.)  In  order  that 
a  rivet  may  connect  two  or  more  layers  of  plates  or  flat  bars 
firmly,  and  in  order  that  the  shearing  stress  brought  to  bear  on  the 
rivet  by  a  force  tending  to  pull  the  plates  asunder  may  be  uniformly 
distributed  throughout  the  sectional  area  of  the  rivet,  it  is  essential 
that  the  rivet  should  tightly  fit  its  hole.  The  longitudinal  com- 
pression to  which  the  rivet  is  subjected  during  the  formation  of  its 
head,  whether  by  hand  or  by  machinery,,  tends  to  produce  that 
result. 

The  ordinary  dimensions  of  rivets  in  practice  are  as  follows : — 
Diameter  of  a  rivet  for  plates   less   than  half  an  inch  thick, 

about  double  the  thickness  of  the  plate.  * 

For  plates  of  half  an  inch  thick  and  upwards,  about  once  and 

a-half  the  thickness  of  the  plate. 
Length  of  a  rivet  before  clenching,  measuring  from  the  head  = 
sum  of  the  thickness  of  the  plates  to  be  connected  +  2^  X 
diameter  of  the  rivet. 
Inasmuch  as  the  resistance  of  rivets  to  shearing  is  nearly  the 
same  with  the  tenacity  of  good  iron  plates  (50,000  lbs.  per  sqtiare 
inch,  or  thereabouts),  the  distance  apart  of  the  rivets  us^  to 
connect  two  pieces  of  plate  iron  together  is  regulated  by  the  rule, 
that  the  joint  sectional  area  of  the  rivets  shall  be  eqtud  to  ^  sectional 
area  of'plaJte  left  after  punching  the  rivet  holes.     This  rule  leads  to 
the  following  algebraical  formula : — 

Let  t  denote  the  thickness  of  the  plate  iron, 
d,  the  diameter  of  a  rivet, 
n,  the  number  of  rows  of  rivets, 

it  being  understood  that  the  rivets  which  form  a  row  stand  in  a  line 
perpendicular  to  the  direction  of  the  tension  which  tends  to  pull 
the  plates  asunder. 

c,  the  distance  from  centre  to  centre  of  the  adjoining  rivets 
in  one  row ;  then 

.-V*.  "'.v.-      c=d+  ':i^^. (1.) 


Each  plate  is  weakened  by  the  rivet  holes  in  the  ratio 
c  —  d         '7S54:nd 


.(2.) 


c     ^t  +  '7S54tnd' 

In  "  single-rivetted"  joints,  n  =  1 ;  in  "  double-rivetted"  joints 
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n  =  3,  and  the  tvo  rows  of  rivets  form  a  Bg*ag;  in  "  chain- 
rivetted"  jointii,  n  may  have  anj  value  greater  than  1.  A  single- 
rivetted  joint  is  weakened  bj  unequal  cUatribution  of  the  tmskm 
in  the  ratio  of  4  : 5. 

Buppoee  that  in  a  chain«rivetted  joint  the  distance  e  &om  centra 
to  centre  of  the  rivets  is  fixed,  so  as  not  to  weaken  the  plates 
below  a  given  limit ;  then  in  order  to  find  how  many  rows  of  rivets 
there  should  be, — in  other  words,  how  many  rivets  there  should  be 
in  each  file, — ^the  following  formula  may  be  used : — 

~-  -7854  d« ^^-^ 

361.  FlM»  mernt  aaA  We4«c» — These  fiistenings  are,  like  rivets, 
themselves  (xposed  to  a  shearing  stress,  while  they  serve  to  trans- 
mit a  pull  or  thrust  from  one  piece  of  an  iron  frame  to  another; 
and  the  rule  for  determining  their  proper  sectional  area  is  the  same, 
with  this  modification  only,  that  if  a  pin,  key,  or  wedge  is  not  hdd 
perfectly  tight  in  its  seat^  the  shearing  stress,  instead  of  being 
uniformly  distributed  throughout  its  sectional  area,  will  be  more 
intense  at  the  central  layer  of  the  section  than  elsewhere,  being 
distributed  according  to  the  laws  explained  in  Article  168,  p.  266, 

The  ratio  in  which  the  maximum  intensity  of  the  shearing  stress 
exceeds  its  mean  intensity  is  the  quantity  denoted  by  ^^  A  -^  F  in 
the  table,  p.  267;  its  two  most  important  values  in  practice  being 
the  following : — 

3 
For  rectangular  keys  and  wedges, ^; 

4 
For  circular  or  elliptical  pins, ^; 

and  the  sectional  area  of  the  fastening  is  to  be  increased  in  this 
proportion  beyond  what  would  be  necessaiy  if  the  stress  woe 
tmiformly  distributed. 

In  order  that  a  wedge  or  key  may  be  safe  against  slipping  out  of 
its  seat,  its  angle  of  obliquity  ought  not  to  exceed  the  angle  of 
repose  of  iron  upon  iron,  which,  to  provide  for  the  contingency  of 
the  surfaces  being  greasy,  may  be  taken  at  about  4^  (Article  110, 
p.  172.) 

362.  Bolts  aad  Sctews. — ^If  a  bolt  has  to  withstand  a  shearing 
stress,  its  diameter  is  to  be  determined  like  that  of  a  cylindrical 
pin.  If  it  has  to  withstand  tension,  its  diameter  is  to  be  determined 
by  having  regard  to  its  tenacity.  In  either  case  the  effective 
diameter  of  the  bolt  is  its  least  diameter;  that  is,  if  it  has  a  acxew 
on  it,  the  diameter  of  the  spindle  inside  the  thread. 
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The  projection  of  the  tliread  is  usually  cna-hdlf  of  the  ffitch;  and 
the  pitch  should  not  in  general  be  greater  than  fmejifth  qf  the 
qffheiive  diameter,  and  may  be  consideTably  lesa 

In  order  that  the  reaistance  of  a  screw  or  screw-bolt  to  rupture 
by  stripping  the  thread  may  be  at  least  equal  to  its  resistance  to 
direct  tearing  asunder,  the  length  of  the  nut  should  be  <U  least  CfM- 
half  of  the  effective  diameter  of  the  screw;  and  it  is  often  in 
practice  considerably  greater;  for  example,  once  and  a-half  that 
diameter. 

The  head  of  a  bolt  is  usually  about  twice  the  diameter  of  the 
spindle,  and  of  a  thickness  which  is  usually  greater  than  five* 
eighths  of  that  diameter. 

Suction  IIL — Of  Iron  Tiee,  Struts,  and  Beams. 

363.  Wwnmm  •f  Imb  B«n»— In  designing  ordinary  structures  of 
wrought  iron,  it  saves  time  and  expense  to  use  iron  bars  of  such 
forms  of  crosa-section  as  are  usually  to  be  met  with  in  the  mar* 
ket  The  variety  of  those  forms  continually  increases  with  the 
demand  for  new  shapes;  but  an  engineer  should  avoid  introducing 
new  sections  for  bars  into  his  designs,  except  when,  by  so  doing, 
some  important  purpose  is  to  be  served,  or  some  decided  advantage 
to  be  gained. 

Amongstthemostcommonformsof  rolled  bars  are  the  following : — 

Bound  iron,  with  a  circular  cross-section. 

Square  iron,  with  a  square  cross-section. 

Flat  iron,  with  oblong  rectangular   cross-sections  of  various 

forms. 
Half-round  and  convex  iron,  with  one  side  cylindrical  and  the 

other  flat 
Angle  iron,  with  cross-sections  shaped  like  an  L,  of  various 

breadths,  depths,  and  thicknessea 
T-iron,  with  cross-sections  shaped  like  a  T,  with  a  table  or  flange 

and  a  rib  of  various  dimensions. 
Double  T-iron,  or  H-iron,  or  I-shaped  iron,  with  a  web  and  two 
flanges,  of  various  dimensions.     The  most  common  form  of 
railway  bars  belongs  to  this  class. 
Channel  iron,  which  is  like  a  flat  bar  with  flanges  projecting 
from  both  of  its  edges,  but  in  one  direction  only,  so  that  if 
laid  with  the  flat  bar  downwards  it  is  like  a  trough  or  rect- 
angular channel 
Bulb  iron,  which  is  like  a  flat  bar  with  a  cylindrical  thickening 

along  one  or  both  edges. 
The  «  Bridge  Bail,"  fig.  229. 
The  "Barlow  Rail,"  ^.  230. 
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Bars  of  a  cross-shaped  section  are  sometimes  rolled;  but  tbe 
figure  is  unfavourable  to  soundness  of  the  iron;  and  when  this 

form  of  section  is  required,  it  is  best 

to  build  it     In  general,  figures  for 

iron  bars  which  cannot   be  rolled 

without  great  distortion  of  the  iron 

Fur.  229.  Fir.  2S0.         ^'^S^*  *?  ,^  avoided,  unless  there 

^  ^  are  s))ecial  reasons  for  using  them. 

Angle  bars  and  plates  which  exceed  an  inch  in  thic^ess  are 
seldom  so  sound  as  those  of  less  thickness.  Where  greater  thick- 
nesses are  required,  therefore,  it  is  in  general  advisable  to  make 
them  by  building  small  thicknesses  together. 

364.  irMi  Tic*  ought  in  almost  every  case  to  be  of  malleable  iron, 
as  it  has  about  three  times  the  tenacity  of  cast  iron. 

A  tie  may  consist  either  of  one  bar,  or  of  several  bars  side  by 
side,  or  of  wires  lying  parallel  in  a  bundle  or  spun  into  a  rope ;  it 
may  be  in  one  length,  or  in  two  or  more  lengths  joined  together; 
if  the  lengths  are  numerous  and  short,  they  become  links,  and  the 
whole  tie  a  chain. 

I.  Plate  Iran  Ties. — ^The  best  mode  of  joining  two  lengths  of  a 

plate  iron  tie  is  by  means  of  a  fish-joint  chain-ri vetted.     In  fig. 

231  are  seen  the  ends  of  two  lengths  of  a 

oooo  i  oooo  I  plate  iron  tie,  meeting  at  the  dotted  line; 

oQoo  I  oooo  they  are  connected  by  means  of  a  fish- 


_..    jg-  piece  or  covering  plcUe,  which  is  chain- 

**  rivetted  to  each  of  the  pieces.      The 

principles  according  to  which  the  dimensions,  number,  and  arrange- 
ment of  the  rivets  are  to  be  determined  have  been  explaiiied  in 
Article  360,  p.  515;  and  it  has  there  also  been  shown  to  what 
extent  the  ^ective  sectional  area  of  the  tie  is  diminished  by  the 
rivet  holes,  so  as  to  be  less  than  the  total  sectional  area. 

When  a  plate  iron  tie  is  built  of  several  layers,  they  should  break 
joint  with  each  other;  and  at  each  joint  there  should  be  either  a 
covering  plate  or  a  pair  of  covering  plates,  to  transmit  that  share  of 
the  tension  which  belongs  to  the  layer  of  plates  in  which  the 
joint  occurs. 

II.  Tie-rods  or  Tie-bars  may  be  round,  square,  or  flat,  and  may 
be  made  fast  at  the  ends  by  pins  passing  through  round  eyes,  by 
wedges  driven  into  oval  eyes  or  slots,  or  by  screws  and  nuta  The 
proportions  of  these  fastenings  have  been  considered  in  Articles 
361,  362,  pp.  516,  517.  Wedges  and  screws  admit  of  being  used 
to  tighten  the  tie. 

When  an  eye  is  formed  on  the  end  of  a  tie-bar,  care  should  be 
taken  that  the  sides  of  the  eye  are  of  sufficient  strength.  The 
tension  is  not  uniformly  distributed  in  them^  being  more  intense  at 
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the  inner  side  than  at  the  outer.  To  allow  for  this,  the  sectional 
area  may  be  made  one-half  greater  than  would  be  necessaiy  if  the 
tension  were  uniformly  distributed. 

III.  Compound  Tie-bars  and  FUU  Chains  are  made  of  lengths  or 
links,  each  consisting  of  flat  bars  placed  side  by  side,  and  connected 
together  by  means  of  eyes  and  pins,  as  in  the  side  view,  fig.  232,  and 
plan,  fig^232.*  Whether  it  is  desired  to  give  stiffness  to  each 
individual  bar  or  flexibility  to  the  whole  chain,  the  bars  should  be 
on  edge.     The  numbers  of  bars  in  a  compound  link  are  odd  and 


^rH-B d. 


:^n^ 


Fig.  282. 


Fig.  232.« 


even  alternately;  thus,  in  the  figure,  the  links  A  and  C  consist  of 
odd  numbers  of  bars,  and  B  of  an  even  number.  The  dimensions 
of  the  pin  are  to  be  found  as  in  Article  361,  p.  516,  taking  care  to 
note  at  how  many  cross-sections  it  must  give  way  at  once  if  sheared 
across;  for  the  sti*ess  is  distiibuted  amongst  those  cross-sections. 
In  fig.  232*  they  are  six  in  number.  As  to  the  eyes,  see  Division 
II.  of  this  Article  above. 

lY.  In  Oval-linked  Chains  it  is  essential  to  strength  that  each 
link  should  be  prevented  from  collapsing  by  a  stay  or 
cross-bar,  as  shown  in  ^g,  233,  when  it  appears  by  t 

experiment  that  the  tension  is  uniformly  distributed  J- 

over-  the  cross-sections  of  the  two  sides  of  the  link. 
When  the  stay  is  omitted,  the  strength  of  the  chain 
is  reduced  in  the  proportion  of 

85  :  100,  or  neai-ly  6  :  7. 

(Barlow,  On  tlie  Strength  of  Materials,  Article  143.) 

Y.  Wire  Cables  are  sometimes  made  simply  of  a 
cylindrical  bundle  of  parallel  wires,  served  or  bound  Fig.  233. 
together  by  a  wire  wound  round  the  outside  of  the 
bundla  In  constructing  this  sort  of  tie,  great  care  is  necessary  in 
order  to  distribute  the  tension  equally  amongst  the  wires.  The 
tension  is  equally  distributed,  without  any  special  care,  in  urUwisted 
wire  ropes  in  which  the  wires  are  spun  into  strands,  and  the 
strands  into  ropes,  without  any  rotation  of  individual  wires,  so  that 
the  fibres  are  all  untwisted,  and  all  equally  strained.  This  is  the 
strongest  kind  of  iron  tie  for  its  weight;  its  tenacity,  of  about 
90,000  lbs.  per  square  inch  of  section,  being  equal  to  the  weight  of 
27,000  feet  of  its  own  length,  or  thereabouts. 
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The  besty  and  perhaps  the  only  safe,  mode  cinkeJcrngfaMtiieaid 
of  a  wire  rope  is  to  make  it  form  a  turn  or  loop  round  a  dead-eje, 
and  splice  it  into  itself:  this  is  the  only  fiEustening  which  is  as 
strong  as  the  rope. 

Wire  cables  require  special  care  to  protect  them  against  oxi- 
dation. 

YL  Welded  Tie$. — Iron  ties  have  been  lengthened  by  aeaifing 
the  ends  of  the  two  pieces  togetheri  heating  them  to  a  welding  heat 
by  a  gas  flame,  and  welding  them  together  by  an  intense  pressare. 
Data  are  wanting  to  determine  precisely  the  strength  of  this  sort  of 
joint  In  an  experiment  on  the  bursting  of  a  cylindrical  plate  iron 
welded  retort,  the  tenacity  of  the  welded  joint  was  found  to  be 

80,750  lbs,  per  square  inch; 

or  probably  about  d-5ths  of  the  tenacity  of  the  plate  iron 

V IL  In  proving  Iron  Ties,  they  may  safely  be  loaded  with 
one-half  of  the  instantaneo\is  breaking  load,  withont  risk  of 
permanent  injury,  the  testing  load  being  only  applied  once; 
although  frequent  application  of  the  same  load  would  at  last 
break  the  tie. 

365.  Cast  Imm  Strata  Mad  PiUan. — ^Gast  iron,  from  its  great 
resistance  to  crushing,  is  peculiarl;^  well  suited  for  struts  and 
pillars,  especially  tho»e  of  moderate  lengtL  The  best  form  for  a 
cast  iron  strut  or  pillar  containing  a  given  quantity  of  matei-ial  is 
that  of  a  hollow  cylinder.  The  laws  of  the  strength  of  such  pillars 
have  already  been  fully  explained  in  Article  158,  pp.  236  and  237. 
The  thickness  of  metal  in  them  is  seldom  less  than  one-twelflh  of 
the  diameter. 

Another  fonn  of  cross-section  commonly  adopted  for  cast  iron 

struts  is  that  of  a  cross,  fig.  234.     The  strength  of  such  struts  maj 

be  computed  approximately  by  putting  for  the  co-efficient  a  in 

equations  4  and  5  of  Article  158,  p.  237,  a  value  greater  l^an  its 

value  for  a  hollow  cylinder,  in  the  same  pit>portion 

X. ,      ^  ^  cross-shaped  baj:  is  more  flexible  than  a  hollow 

wsJ^^m      ^    cylindrical  tube  of  the  same  diameter  and  sectional 
^y^    \      area;  that  is  to  say,  in  the  proportion  of  3  to  1 

By  similar  reasomng,  it  appears  that  in  the  case 
of  a  hollow  square  cast  iron  strut,  whose  diagonal  is  equal  to  the 
diameter  of  the  cylinder,  the  co-efficient  a  is  to  be  increased  in  the 
ratio  of  3  to  4. 

Hence  we  have  the  following  approximate  formulie  for  the 
erwhing  load  o£  cast  iron  struts  in  lbs.  per  square  inch  ofsebiwsd 
area: — 
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Oroas ;  diameter  from  end  to  end  of  a  >  ^^  ^^^       i    r    3  P 

pair  of  arms  =  h; /  ^>^^  -^  ^  "^400^'        i^ 

3  P 
Hollow  square;  diagonals  A; 80,000  ^  1  +  ^quI     fk' 

p 
Hollow  cylinder;  diameter  =  A; 80,000  -j-  1  +  755^      \ 

The  preceding  fonnnlse  refer  to  tlie  case  in  which  the  struts  are 
fixed  in  direction  at  the  ends.  When  they  are  hinged  at  the  ends, 
the  second  term  of  each  divisor  is  to  be  made  four  times  as  great 

In  order  to  give  lateral  stifiness  to  a  flat-ended  pillar,  its  ends 
should  spread  so  as  to  form  a  capital  and  base,  whose  abutting  sur- 
faces should  be  ''&ced"  in  the  lathe,  or  planed,  to  make  them  eicactly 
plane  and  peipendicular  to  the  axis  of  the  pillar.  For  the  same 
reason,  when  a  cast  iron  pillar  consists  of  two  or  more  lengths,  the 
ends  of  those  lengths  should  be  made  truly  plane  and  perpendicular 
to  the  axis  of  the  pillar  by  the  same  process,  so  that  they  may  abut 
firmly  and  equally  against  each  other;  and  they  should  be  fastened 
together  by  at  least  four  bolts  passing  through  projecting  flanges. 

366.  HTMsghf  1MB  mrmtm  aad  Pillan. — ^The  principles  of  the 
strength  of  wrought  iron  struts  haVe  been  explained  in  Article  158, 
pp.  237,  238.  It  appears  from  the  formuhe  deduced  by  Mr. 
Gordon  from  Mr.  Hodgldnson's  experiments,  that  while  oast  iron 
is  the  better  material  for  a  pillar  whose  length  does  not  exceed  a 
certain  limit  as  compared  with  its  diameter,  wrought  iron  is  the 
better  material  when  the  length  exceeds  that  limit  For  pillars 
with  fixed  ends,  that  limit,  according  to  the  formulie,  is  about  26 
times  the  diameter;  for  those  with  hinged  ends,  about  13  times; 
but  from  the  nature  of  the  calculation,  those  results  must  be 
r^arded  as  roughly  approximate  only. 

In  order  to  stifien  wrought  iron  struts,  they  are  made  of  various 
forms  in  cross-section,  such  as  the  angle  iron,  T-iron,  double  T-iron, 
channel  iron,  <fec,  already  described  A  very  convenient  form  of 
cross-section  is  that  of  a  cross.  It  is  in  general  built  by  ri  vetting 
bars  of  simpler  forms  together;  thus,  it  may  be  made  up  of  two 
T-irons  rivetted  back  to  back,  or  four  angle  irons  rivetted  back  to 
Wk,  or  (as  in  fig.  235)  one  flat  bar  A  A,  two 
narrower  flat  bare,  B,  B,  and  four  angle  irons,  all  *  ^ 

rivetted  together.     This  last  form  is  that  of  the        ^3  to, 
strut-diagonals  of  the  Warren  girders  in  the  Crumlin     ^  *"^  rS^* 
yiaduct.    A  double  T-shaped  strut  may  either  be  a  \'^ 


c  ( 


single  bar,  or  may  be  built  in  a  manner  which  will         p.   ^^, 
l)e  described  in  treating  of  b«uns.     The  Barlow  ** 

^U  (fig.  230,  p.  518)  is  also  a  good  form  for  struts. 
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The  stifiTest  form  for  a  wrought  iron  strut  is  that  of  a  edl,  that  is 
to  say,  a  built  tube,  which  may  be  cylindrical,  rectangular,  or 
triangular.  Fig.  236  is  a  cross-section  of  a  rectangular  cell,  ^-ith 
four  [>late  iron  sides  connected  together  by  angle  irons  and  nvetL 
Fig.  237  is  a  triangular  cell,  running  along  the  upper  edge  of  a 
plate  iron  beam. 

Fig.  238  shows  a  simple  form  of  cross-section  for  a  struts  being 


Fig.  236. 


Btg.  287. 


a  segment  of  a  circle.     This  might  be  further  stiffened  by  rivetting 
a  pair  of  angle  irons  along  its  edges. 

When  a  wrought  iron  strut  is  hinged  at  the  ends,  that  generallj 
takes  place  by  its  abutting  at  each  end  against  a  cylindrical  pin,  bV 
which  it  is  connected  with  some  other  piece  of  the  framework,  in 
the  manner  already  dejicribed  for  tie-bars.  To  fix  its  ends  in 
direction,  as  it  seldom  has  large  abutting  surfaces,  it  is  in  genenJ 
necessary  to  fasten  it  to  the  adjoining  pieces  of  the  structure  by 
several  bolts  or  rivets. 

To  insure  the  stiffness  of  a  huxU  strut,  the  bars  of  which  it  is 
built  should  break  joint,  like  the  layers  of  a  built  iron  tie.  The 
abutment  of  successive  lengths  against  each  other  should  be  firm 
and  equable ;  to  insure  which,  every  bar  should  have  its  ends  made 
exactly  plane  and  exactly  perpendicular  to  its  length.  This  is  best 
done  by  a  machine  consisting  of  a  pair  of  circular  saws  on  one  axis, 
at  a  clear  distance  apart  equal  to  the  intended  length  of  the  bars 
when  cut:  a  bar  being  placed  parallel  to  the  axis,  and  moved 
towards  it,  has  its  two  ends  sawn  off  at  once,  in  planes  perpendicular 
to  its  length. 

Mr.  Grordon's  formula  for  the  ultimate  strength  of  wrought  iron 
struts,  deduced  from  Mr.  Hodgkinson^s  experiments,  may  be 
expressed  as  follows,  P  being  the  load,  S  the  sectional  area,  I  the 
length,  and  h  the  thickness : — 


1  =  36,000^1+^; 
1 


(1) 


where  a  has  the  value  «  aqa  ^^r  struts  fixed  in  direction  at  the 
ends,  and  of  a  solid  rectangular  section,  h  being  the  least  dimension. 
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'For  otLer  forma  of  cross-section,  an  approximate  rule  has  already 
"been  given,  to  the  effect  that  A  is  to  be  considered  as  representing  the 
least  dimension  of  a  triangle  or  rectangle  circumscribed  about  the 
l>ar ;  but  in  many  cases  it  may  be  more  satisfactory  to  take  into 
account  the  least  "  radius  of  gyration"  of  the  cross-section,  as  in  the 
last  article;  and  for  that  purpose  the  formula  may  be  put  in  the 
fbllowing  shape,  r  denoting  that  radius ;  that  is  to  say,  r*  is  the 
mean  of  the  squares  of  the  distances  of  the  particles  of  the  cross- 
section  from  a  neutral  axis  traversing  its  centre  of  gravity  in  that 
direction  which  makes  r^  least : — 


1  =  36,000^1+,      ^ 


S  ""      '  •        '  36,000r2 

For  hinged  ends,  9,000  is  to  be  substituted  for  36,000. 
The  following  are  values  of  r*  for  different  figures: — 

I.  Solidrectangle;  least  dimen- ) 

sion  :=h; J 

IT.  Thin  square  cell ;  side  =  A ; . . . 

III.  Thin    rectangular    cell; 

breadth  h ;  depth  A ; . .. . 

IV.  Thin  triangular  cell  on  the  j 

edge  of  a  plate  {hg,  237); 
base  of  triangle  =  6 ;  . . 
V.  Solid  cylinder ;  diameter  =  h ; 
YI.  Thin  cylindrical  cell ;  dia- ) 

meter  :=  A; J 

VIL  Angle  iron  of  equal  ribs; 
breadth  of  each  :=  6;  ., 
VIII.  Angle  iron  of  unequal  libs; ' 

greater  6,  less  h; 

IX.  Cross  of  equal  arms; 

X.  H-iron;  breadth  of  flanges' 
6;  their  joint  area   B; 

area  of  web  A; 

XI.  Channel    iron;    depth    of 
flanges  +  ^  thickness  of 
web,  h;  area  of  web  B; 

of  flanges  A; 

XIL  Barlow  i-ail;  cross-section' 
composed  of  two  quad- 
rants of  radius  R,  mea- 
sured to  middle  of  thick- 
ness, connected  by  a  table 
of  sectional  area  :=  joint 
area  of  quadrants  X  '273 ; 


(2.) 


A« 

^12. 

12  ■■ 

-T-     6. 

h  +  b- 

6« 

-^12. 

A* 

^16. 

h? 

-r-    8. 

6« 

-T-24. 

b^h^^ 

12  (6*  + 

A« 

-h24. 

62       A 
12  A  +  B- 

A 

...     ^ 

B*  -a-  7  nearly. 
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Xin.  FturofBarlowrailsasaboye, 
rivetted  bMe  to  base ;  •  ••  . 

XIY.  Circular  s^ment  of  ndiua 
RandlengihSBl;... 


{I 


•393  R« 
coBiani 


2i 


-■^'} 


V. 


367.  Cmm  Mwmm  f^wii, — For  the  principles  wMch  are  applicable 
to  cast  iron  beams  in  common  with  beams  in  general,  see  Artides 
169  to  179  A,  pp.  230  to  296.  The  peculiar  properties  of  cast  iron 
as  to  strength,  which  have  to  be  considered  in  designing  beams, 
have  been  stated  in  Article  164,  p.  257;  Article  166,  p.  261; 
Article  167,  pp.  263  to  265;  and  in  Article  353,  pp.  499  to  50S; 
and  the  precautions  to  be  observed  in  designing  these,  as  well  as 
other  castings,  have  been  explained  in  Article  354,  p.  502. 

The  most  common  and  useful  forms  of  cross-section  for  cast  ircm 
beams  are  the  inverted  X-shaped  (fig.  239),  the  trough-shaped  (fig- 
240),  and  the  double  T-shaped  (fig.  241> 

As  to  the  transverse  resistance  of  the  j; -shaped  section,  see 
Article  163,  Example  YIIL,  p.  254.    As  to  the  proportionate  area 


Fig.  239. 


pH^MBiagf^yqjH 


Fig;  240. 


Fig.,241. 


of  flange  and  web  which  makes  the  tendency  to  break  bj  cruahiog 
at  B  and  tearing  at  C  equal,  see  Article  164,  Case  L,  pu  257 ;  also 
the  example  in  the  same  page.  The  same  formulie  and  exampi^ 
are  applicable  to  trough-shaped  beams,  taking  the  two  vertical  ribs, 
B,  B',  to  be  equivalent  to  one  rib  of  the  same  depth  and  double  ibe 
thickness. 

The  thickness  of  the  horizontal  and  vertical  parts  of  these 
girders  should  be  equal,  or  nearly  equal,  for  the  reason  stated  in 
Article  354,  p.  503. 

The  double  T-shaped  beam  is  in  general  made  of  a  figure  intro- 
duced by  Mr.  Hodgkinson,  with  a  view  to  making  the  strength 
equal  above  and  below.  As  to  the  proportions  of  that  section,  see 
Article  164,  Case  H-y  P*  257;  also  the  example  in  the  same  page. 
See  also  Hodgkinson  On  the  Strength  of  Cast  Iran, 

In  order  to  make  the  stretched  table  C  large  enough  as  compared 
with  the  compressed  table  A,  it  is  necessary  to  make  the  former 
considerably  tliicker  than  the  latter.     This  is  reconciled  with  the 
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rale  as  to  avoiding  abnipt  changes  of  thickness  in  castings,  by 
making  the  vertical  ireh  B  of  the  same  thickness  with  A  at  the  top, 
and  of  a  gradually  increasing  thickness  towards  the  bottom,  where 
it  is  nearly  as  thick  as  C. 

Transverse  ribs  or  feathers  on  cast  iron  beams  are  to  be  avoided, 
as  forming  lodgments  for  air^bubbles,  and  as  tending  to  cause 
cracks  in  cooling. 

Open-work  in  the  vertical  web  is  also  to  be  avoided,  partly  for 
the  same  reasons,  and  partly  because  it  too  much  diminishes  the 
resistance  to  distortion  by  the  shearing  action  of  the  load. 

The  various  "forma  of  equal  strength**  in  longitudinal  sections, 
already  described  in  Article  165,  pp.  259,  260,  are  more  easily 
executed  in  cast  iron  than  in  any  other  material,  and  are  often 
employed  in  practice,  especially  those  shown  in  figs.  141,  142,  143, 
144,  and  145. 

The  forms  of  horizontal  section  shown  in  figs.  142  and  144  are 
applied  to  the  flanges  or  tables  of  double  T-shaped  girders  of 
ujufoi'm  depth. 

In  supporting  a  cast  iron  beam,  provision  must  be  made  at  one 
end  for  its  expansion  and  contraction  by  heat  and  cold,  which  take 
place  at  the  rate  of  about  -00111  for  the  ISO""  Fahr.  between  the 
ordinary  freezing  and  boiling  points  of  water,  or  0000062  nearly 
per  degree  of  Fahrenheit's  scale. 

368.  liengtheMed  aad  TrasMdi  Cait  Iroa  Hf  mw  It  is  seldom 
advisable  to  use  a  cast  iron  beam  of  a  span  so  great  that  it  cannot 
be  cast  in  one  length ;  but  should  it  nevertheless  be  determined  to 
do  so,  the  following  principles  are  to  be  observed  in  the  construction 
of  each  junction. 

Above  the  neutral  axis  the  ends  of  the  pieces  should  be  true 
planes,  abutting  closely  and  equably  against  each  other,  and  exactly 
perpendicular  to  the  axis  of  the  beam. 

Below  the  neutral  axis  the  pieces  are  to  be  connected  by  means 
of  transverse  flanges  and  wrought  iron  bolts,  which  will  thus,  at  the 
joint,  perform  the  duty  of  the  lower  or  stretched  table  of  the  beam ; 
and  the  total  sectional  area  of  those  bolts  should  be  such  as  to 
make,  not  their  tenacity,  but  their  proportionate  elongcUion  by  a  given 
tendon,  the  same  with  that  of  the  cast  iron  table  for  which  they 
axe  a  substitute.  This  condition  will  be  approximately  fulfilled  by 
making  the  sectional  area  of  the  bolts  in  all  about  one-Iudf  of  that 
of  the  cast  iron  table ;  when  their  tenacity  will  be  more  than  suflicient. 

Care  should  be  taken  so  to  arrange  the  bolts  that  the  mean  of 
the  squares  of  their  distances  from  the  neutral  axis  of  the  section 
shall  not  be  lees  than  the  corresponding  quantity  for  the  cast  iron 
table  whose  duty  they  are  to  perform. 

The  same  principles  are  to  be  followed  in  designing  that  sort  of 
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tnissed  cast  iron  beam  m  which  a  pair  of  wrongfat  iron  tie-rods  aie 
substituted  for  the  -whole  or  part  of  the  lower  table. 

369.  PlalM  WrMigbt  irMi  BcsM«b — For  the  principles  which  are 
applicable  to  wrought  iron  beams  in  common  with  beams  in  genenl, 
see  Articles  169  to  179  a,  pp.  230  to  296. 

The  most  common  and  useful  forms  of  section  for  wrought  iron 
beams  that  are  rolled  in  one  piece  are  the  T-shaped,  and  the 
I-shaped  or  double  T-shaped,  of  which  latter  form  fig.  212  is  an 
example. 

As  to  the  resistance  of  cross-sections  of  those  figures  to  croas- 
breaking,  see  Article  254,  Examples  YIIL  and  IX.,  ppu  25i  to 
256,  As  to  the  mode  of  fixing  the  proportions  of  such  sections 
in  order  that  they  may  be  of  equal  strength  against  crush- 
S|7^  ing  and  tearing,  see  Article  164,  Oases  IIL  and  IT., 
p.  258,  and  the  example  in  the  same  page ;  these  being  th€ 
cases  applicable  to  a  material  in  which  the  tenacitj 
(denoted  by  /^  in  the  formuUe)  is  greater  than  the  re- 
sistance to  crushing  (denoted  hj/^ 
Fig.  242.  j^  plain  wi'ought  iron  beam  usually  gives  way  under  a 
transverse  load  by  the  compressed  flange  bending  sideways ;  for  that 
flange  is  in  general  so  narrow,  as  compared  with  its  length,  that  its 
condition  is  analogous  to  that  of  a  long  wrought  iron  strut  (See 
Article  158,  p.  237.)  The  co-efficient  ^,  therefore,  which  is  the 
modulus  of  resistance  of  that  flange,  is  not  in  general  a  constant 
quantity,  but  is  less  as  the  flange  becomes  narrower  in  comparison 
with  the  span  of  the  beam. 

From  a  reduction  of  the  experiments  of  Mr.  Fairbaim  on 
wrought  iron  beams,  given  in  his  works,  On  the  Application  oflrm 
to  Building  Purpoaes^  and  TJaefvl  In/ormation  far  Engineen, 
first  series,  it  appears  that  the  modulus  in  question  may  be  com- 
puted with  sufficient  accuracy  by  the  following  formula^  in  which 

I  denotes  the  span  of  the  beam,  and 

(,  the  breadth  of  its  compressed  flange : — 

/^  (in  lbs.  on  the  square  inch)  =    ^ — (1.) 

1  + 


5,000  62 


The  following  table  shows  the  result  of  applyiug  this  formula  to 
variously  proportioned  beams,  and  of  substituting  its  results  in 
equations  10  and  11  of  Article  164,  p.  258;  the  value  of  the 
tenacity^  being  assumed  to  be  60,000  lbs.  per  square  inch  in  each 
case.  A^  denotes  the  sectional  area  of  the  compressed  flange ;  A^ 
that  of  the  vertical  web;  A^  that  of  the  stretched  flange;  A' the 
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cleptli  from  centre  to  centre  of  the  tvo  flanges;  Mq  the  breaking 
mkoment  in  inch-lbs. : — 


f. 

I 

h 

/. 

Ai 

Mo^A'. 

L 

60,000 

10 

35,294 

•35A2+17 

A3 

14,118  A2  + 60,000  Aj 

11. 

60,000 

20 

33,333 

•4    Ag+i-S 

A3 

14,444  A2  + 60,000  A3 

111. 

60,000 

30 

30,509 

•48A5+I-97 

A« 

14,916  A2  +  60,000  A3 

IV. 

60,000 

40 

27,273 

•6     A2  +  2-2 

A» 

15,455  A2  + 60,000  A5 

V. 

60,000 

50 

24,000 

•75Aj+2-5 

As 

16,000  Aj  +  60,000  A3 

The  preceding  results  are  made  applicable  to  the  T-shaped 
section  simply  by  making  A3  =  0. 

In  cases  in  'which  a  beam  is  liable  to  be  strained  alternately  in 
either  direction,  the  section  is  to  be  made  similar  above  and 
"below,  so  that  A^  =  A3 ;  the  beam  tends  to  give  way  in  every  case 
by  lateral  bending  of  the  flange  which  is  compressed  for  the  time, 
and  f^  is  the  modulus  of  rupture ;  and  the  expi'ession  for  the 
breaking  moment  assumes  the  simplified  form, 

Mo=/.A'(^g»4A,) (2.) 

The  expaiiman,  of  wrought  iron  beams  by  heat  is  very  slightly 
greater  than  that  of  cast  iron  beams,  being  about  '0012  for  the  180° 
between  the  ordinary  freezing  and  boiling  points  of  water,  or  about 
•0000067  per  degree  of  Fahrenheit. 

370.  Plate  ■■«!  Box  Beams. — This  class  of  wrought  iron  beams 
comprises  various  cross-sections,  built  of  plates  and  bars  rivetted 
together  in  various  ways,  but  all  virtually  equivalent  to  double 
T-shaped  sections,  and  having  their  strength  dependent  on  the  same 
principles.     The  following  are  examples : — 


A\ 


Fig.  243.  fig.  244.  Hg:  245.  Fig.  246. 

Fig.  243  is  a  plate  beam  having  a  single  plate  for  the  vertical 
web,  while  each  of  the  horizontal  ribs  or  flanges  consists  of  a  flat 
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bar  and  a  pair  of  angle  irons,  rivetted  to  each  oiher  and  to  the 
vertical  web. 

Fig.  244  is  a  "  box  beam/'  in  which  there  is  a  double  verticai 
web.  The  advantage  of  this  construction  is  to  give  additional 
breadth,  and  therefore  additional  lateral  stiffness  and  additional 
strength  for  resisting  thrust,  to  the  compressed  table  or  flange. 

Fig.  245  is  a  plate  beam  of  greater  dimensions  than  fig.  243. 
The  horizontal  ribs  or  flanges  contain  more  than  one  layer  of  flat 
bars,  and  the  web,  which  consists  of  plates  with  their  largest 
dimension  vertical,  is  stiffened  by  verticaL  T-iron  ribs  at  the  joints 
of  those  plates,  as  shown  in  the  horizontal  section,  fig.  246. 

To  give  still  greater  stiflness  and  strength  to  the  upper  or  com^- 
pressed  horizontcd  rib,  it  is  sometimes  a  cylindrical  tube  or  ''cell;" 
sometimes  a  rectangular  cell,  as  in  fig.  236,  p.  522 ;  sometimes  a 
triangular  cell,  rivetted  to  the  upper  edge  of  the  vertical  web,  as  in 
fig.  237,  jk  522;  and  in  some  cases  a  line  of  plates  bent  into  an 
inverted  segmental  trough,  as  shown  in  the  crosfr-section,  fig.  238, 
p.  522,  has  been  made  fast  at  its  summit  Y,  by  angle-irons  and 
rivets,  to  the  upper  edge  of  the  vertical  web. 

In  fixing  the  cQmensions  of  the  parts,  and  computing  the  strength, 
of  beams  of  this  class,  the  rules  of  the  preceding  article  are  all  ap- 
plicable, having  r^ard  to  the  following  special  principles : — 

I.  The  several  tiers  or  layers  of  pieces  of  which  the  beam  is  built 
should  break  joint  as  much  as  possible. 

II.  Upper  ffarizantal  Rib. — The  several  lengths  of  the  pieces 
composing  the  upper  horizontal  rib  should  abut  closely  and  truly 
against  each  other,  having  end  surfaces  made  exactly  perpendicular 
to  the  axis  of  the  beam,  as  already  described  for  wrought  iron 
struts  in  Article  366,  p.  522,  In  using  equation  1  of  Article  369, 
p.  d2Q,  to  compute  the  modulus  of  rupture  by  crushing,  f^  the 

following  are  the  divisors  by  which  ^2  ^  to  be  divided : — 

For  a  flat  upper  horizontal  rib,  or  a  tri- )  -  ^^ 

angular  cell, j  ' 

For  a  square  cell, 10,000 

For  a  cylindrical  cell  or  an  inverted  )  ^  ^qq 

semicircular  trough  (diameter  =  6),  J  ' 

For  an  inverted  segmental  trough,  sub-  )  7,500  /-       sin  2A 

tending  the  angle  2i  to  radius  unity,  J  S^M  \            27~/ 

in.  Lower  HorixontaL  Eib. — The  several  lengths  of  plates  or  ha« 
of  which  the  lower  horizontal  rib  consists  are  to  be  connected  witli 
each  other  by  covering-plates  and  rivets  as  prescribed  for  wrought 
iron  ties  in  Article  364,  p.  518;  and  the  symbol  A^  in  the  formulje 
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of  Article  369,  and  of  the  other  articles  there  referred  to,  is  to  be 
understood  to  stand,  not  for  the  total  sectional  area  of  the  lower  rib,^ 
but  only  for  the  ^eetine  iecUonal  area  left  after  maVing  the  proper 
deduction  for  rivet-holes,  according  to  the  principles  explained  in 
Article  364,  p.  518,  and  Article  360,  p.  515. 

For  the  best  plate  iron,  the  value  of  the  modulus  of  tenacity,  /^ 
is  on  ajQ  average  about  50,000  lb&  per  square  inch.  The  following 
are  the  results  of  substituting  that  value  for  60,000  in  the  com- 
putations  of  the  table  in  Artide  369,  p.  527 : — 

Aj  Mo^A' 


•21  Aj  +  1*41  A3  10,784  Aj  +  50,000  A3 

•2SA2+I-5  A3  1 1,1 1 1  A2  + 50,000  A3 

•32  Aj  +  I  -64  A3  1 1,584  Ag  +  50,000  A3 

•41  Aj  +  I  -83  A3  1 2, 1 2 1  Aj  +  50,000  A3 

•54  Aj  +  2  -08  A3  1 2,667  A2  +  50,000  A3 

IV.  Vertical  Web, — The  thickness  of  the  vertical  web  is  seldom 
made  less  than  |  inch,  and,  except  in  the  largest  beams,  is  in  general 
more  than  sufficient  to  resist  the  shearing  stress.  In  those  beams 
in  which  it  becomes  necessary  to  attend  specially  to  the  power  of 
the  vertical  web  to  resist  the  shearing  action  of  the  load,  the 
amount  of  that  shearing  action  is  to  be  computed  for  a  sufficient 
number  of  cross-sections  by  the  formulse  of  Article  161,  Case  IX., 
pp.  247,  248,  249,  and  its  greatest  intensity,  for  an  assumed 
thickness  of  web,  by  the  formula  of  Article  168,  Case  YIII., 
p.  267.  (In  many  cases,  however,  it  is  sufficiently  accurate  to 
assume  the  shearing  stress  to  be  entirely  borne  by  the  vertical 
web,  and  uniformly  distributed  throughout  its  section.)  It  is  then 
to  be  considered  that  the  shearing  stress  at  the  neutral  axis  is 
equivalent  to  a  pull  and  a  thrust  of  equal  intensity  inclined 
opposite  ways  at  45®,  and  that  the  vertical  web  tends  to  give  way 
by  buckling  under  the  thrust;  so  that  its  ultimate  resistance  in  lbs. 
per  square  inch  is  given  by  the  following  expression : — 

36,000  ,,  . 

?~^ ^^') 


A       I      /. 

For  a  Flat 

Upper  Rib. 

I. 

50,000     10    35,294 

II. 

50,000     20     33,333 

IIL 

50,000     30     30,509 

IV. 

50,000     40     27,273 

V. 

50,000     50     24,000 

^  "*■  3,000  fi 

in  which  t  is  the  thickness  of  the  plates  of  the  web,  and  8  the  dis- 
tance measured  along  a  line  inclined  at  45°  to  the  horizon,  between 
two  of  its  vertical  stiffening  ribs ;  or,  if  it  has  no  such  ribs,  between 
the  upper  and  lower  horizontal  ribs.     The  intensity  of  the  shearing 
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Action  of  the  working  load  should  not  exceed  ane-flixik  of  1^ 
redstanoe  given  hy  the  above  formula. 

Y.  Lati^itudinal  VarioUiofu  qfSeeUon. — ^Inaflmuch  as  the  bend- 
ing moment  of  the  load  diminishes  from  the  middle  of  the  beam 
towards  the  ends,  and  the  shearing  force  from  the  ends  towards 
the  middle,  according  to  principles  stated  in  Article  161,  pp^  S4S 
to  249,  the  transverse  sections  of  the  horizontal  ribs  may  be 
diminished  firom  the  middle  towards  the  ends,  and  that  of  tiie 
vertical  web  firom  the  ends  towards  the  middle,  so  as  to  make  the 
resistance  to  bending  and  shearing  respectively  vazy  aoooiding  to 
the  same  law. 

YI.  Vertical  Bibs, — Each  vertical  rib  is  to  be  considered  either 
as  a  suspending-piece  from  which  a  portion  of  the  load  hangs,  or  as 
a  pillar  on  which  a  portion  of  the  load  Ues,  according  as  the  load  is 
hung  from  or  supported  upon  the  beam;  and  its  transverae  section 
must  be  made  sufficient  for  the  duty  so  thrown  upon  it,  acoonling 
to  the  principles  of  Article  364,  p.  518,  or  Article  366,  p.  521,  as 
the  case  may  be;  and  regard  must  be  had  to  the  fiict,  tiiat  a  large 
rolling  load,  such  as  that  upon  one  of  the  wheels  of  a  locomotiTe 
engine,  may  be  concentrated  upon  one  vertical  rib. 

Above  each  of  the  paints  of  support,  the  vertical  ribs  must  either 
be  placed  closer  or  made  Ifltger,  so  that  they  may  be  jointly 
capable  of  safely  bearing,  as  pillars,  the  entire  share  of  the  load 
which  rests  on  that  point  of  support 

A  pair  of  vertical  T-iron  ribs  rivetted  back  to  back  through  the 
web-plates  may  be  held  to  act  as  a  pillar  of  cross-shaped  section. 
(Article  366,  Case  IX.,  p.  323.) 

{IfoU  €u  to  Diagonal  Rtbs, — It  is  obvious  that  the  best  position  of 
the  stiffening  ribs  would  be  diagonal,  sloping  upwards  from  the 
ends  of  the  beam  towards  the  middle  at  angles  of  45^;  but  this 
would  involve  inconvenience  and  expense  in  workmanship,  and 
would  cause  the  plates  for  the  web  to  be  cut  into  awkward  and 
complex  figures). 

YIL  Rivets, — ^The  principles  which  r^^ulate  the  number  and 
dimensions  of  the  rivets  that  connect  the  lengths  of  the  stretched 
horizontal  rib  together  have  been  sufficiently  explained  in  the  pas- 
sages referred  to  in  Division  III.  of  this  Article. 

The  rivets  which  connect  one  division  of  the  web  with  an  adjoin- 
ing vertical  rib  should  be  capable  of  withstanding  safely  the  greatest 
shearing  action  of  the  load  at  the  joint  in  question. 

The  shearing  action  on  the  rivets  which  connect  one  of  the 
horizontal  ribs  with  a  given  division  of  the  web  b  to  the  vertical 
shearing  action  of  the  load  at  the  middle  of  that  division  veiy 
nearly  as  the  length  of  the  division  in  question  is  to  its  deptk 

YIIL  Camber, — In  order  that  a  built  wrought  iron  baun  maj 
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become  nearly  straight  under  its  working  load,  it  should  be  con- 
stmcted  in  such  a  manner  that^  if  unloaded,  it  would  have  a 
**  camber"  or  upward  convexity  equal  to  the  anticipated  working 
deflection. 

FormulsB  for  that  deflection  are  firmed  by  putting  the  intensity 
of  the  vxjrking  stress  for  the  quantities  denoted  by^  in  equations 
13  and  13  a  of  Article  169,  p.  275. 

The  modulus  of  elastici^  for  plate  beams,  according  to  the  best 
authorities,  is  considerably  less  than  for  continuous  iron  bars,  its 
value  in  lbs.  per  square  inch  being 

E  =  from  16,000,000  to  18,750,000, 
or  say,  on  an  average,  17,500,000. 

The  equation  13  a,  above  referred  to,  being  that  suitable  for 
crossrsections  of  equal  strength,  is  as  follows,  putting  1-t2  instead 
of  Cj  the  half  span : — 


deflection  t^=^-^^'P^; (2.) 


Taking  6  as  the  factor  of  safety,  we  may  make,  with  sufficient 
accuracy  for  the  present  puipose, 

/;  +/»'  =  (/.  +/,)  H-  6  =  84,000  ^  6  =  14,000. 

For  an  uniformly  loaded  beam,  with  an  uniform  cross-section, 

n"  =  Yo>  ^  ^®  cross-section  varies  along  the  beam  so  as  to  be  of 

uniform  strength  and  uniform  depth,  n'  =  h*     Assuming  the  latter 

to  be  nearly  the  case,  we  have' 

w       Aa  ^'  14,000  ^  P 

working  deflection t;,  =  3  ^  17,500,000 '^^ToTOOQ-A^  (^•) 

or  a  third  propariumal  to  the  depth  cmd  the  hundredth  part  of  the 

spofn, 

3 1 
For  example,  an  ordinary  proportion  isl=l5  h;  then  v^  =  saat^ 

371.  Great  Tnbnlar  Oirdera. — ^This  term  is  applied  to  hollow 
plate  iron  girders  so  large  that  the  traffic  of  a  bridge  can  pass 
through  the  interior.  A  great  tubular  girder  diflers  from  a 
magnified  box-beam,  inasmuch  as  the  former  requires  special 
appliances  for  stiffening  the  upper  and  lower  horizontal  tables. 

Fig.  247  is  a  skeleton  diagram  of  a  cross-section  of  the  class  of 
tubular  girder  used  in  the  Conway  and  Britannia  bridges,  in  which 
the  top  and  bottom  are  cdltUar,  consisting  of  plates  so  disposed  as 
to  form  rows  of  square  or  nearly  square  cells,  like  that  in  fig.  236, 
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p.  522.  In  order  iliat  theae  oeUa  may  be  tnifficieiitlj  still;  tiie 
width  of  each  of  them  should  not  exceed  thirty  Umes  the  thidcnBU  of 
th€  platee  of  which  they  are  mad&  The  joints  of  the  cells  sit 
connected  and  stiffened  by  means  of  coyering  plates  outside  as  vdl 
as  angle  irons  within.     The  bitedth  is  fifteen  feet 

The  two  vertical  webs,  or  sides,  B,  exactly  resemble  the  vertial 


Fig.  247. 


Pig.  248. 


web  already  described  in  Diyision  17.  of  the  last  article,  beiiJg 
composed  of  plates  set  up  on  end,  and  connected  by  means  of  pairs 
of  vertical  T-iron  ribs,//  The  horizontal  joints  of  the  side  plates  are 
made  fast  by  covering  strips.  The  lateral  steadiness  of  the  oon- 
nection  between  the  horizontal  tables  and  the  vertical  webfl  i* 
assisted  by  means  of  gussets,  h,  h,  and  horizontal  prokmgations  of 
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the  inner  T-iron  ribs.     The  top  and  bottom  are  farther  stiffened 
by  transverse  ribs,  e,  g,  one  at  every  third  set  of  vertical  ribs. 

Fig.  248  shows  one-half  of  a  kmd  of  cross-section  for  a  great 
tubular  girder  16  feet  broad,  in  which  the  top  and  bottom  coiudst 
of  one  or  more  layers  of  plates  rivetted  dose  together,  and  stif- 
fened by  means  of  projecting  ribs,  instead  of  by  a  cellular  structure. 
The  girders  of  the  Victoria  Bridge  over  the  St.  Lawrence  belong  to 
thia  clasa  A  is  the  upper  table;  it  is  slightly  arched,  having  a 
radius  of  curvature  equal  to  about  six  times  its  breadth,  and  is 
stiffened  by  the  longitudinal  T-iron  ribs  dy  dy  d,  dy  about  2  feet  3 
inches  apart,  and  by  the  transverse  ribs  e,  about  7  feet  apart  B 
is  one  of  the  sides,  with  vertical  T-iron  ribs  in  pairs,  /y  /y  about 
34  feet  apart  C  is  the  bottom,  consisting  of  a  sufficient  thick- 
ness of  plates,  with  covering  strips ;  it  is  stiffened,  so  far  as  it 
needs  stiffening,  by  its  connection  with  the  transverse  joists  g  of 
the  platform,  which  are  double  T-shaped  plate  beams,  one  at  every 
7  feet ;  A,  A,  are  gussets  to  stiffen  laterally  the  connection  between 
the  sides  and  the  top  and  bottom. 


Fig.  249.— [The  YlctorU  Bridge,  from  a  Photograph.] 

The  whole  of  the  principles  of  ccmstruction  and  strength  stated  in 
the  preceding  article  for  plate  and  box-beams  are  applicable  to  great 
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tnbular  girders.  In  applying  to  them  the  principle  of  DiTiakn 
YI.  of  that  Article,  p.  530,  so  far  as  it  relates  to  the  strength  and 
stiffness  required  for  the  vertical  ribs  at  the  points  of  support,  it 
may  be  found  necessary  greatly  to  enlarge  those  ribs,  and  to  giTe 
them  the  form  of  double  T-shaped  plate  girders  standing  on  end, 
and  tapering  from  below  upwards. 

To  illustrate  the  relative  proportions  of  the  parts  of  which  a 
tubular  girder  is  composed,  uie  following  statement  shows  those 
proportions  for  the  tubes  of  the  Conway  Bridge: — 

The  quantities  of  iron  in  the  top  and  bottom  are  nearly  equal; 
for  though  the  top,  being  compressed,  has  a  larger  effective  section 
than  the  bottom,  which  is  stretched,  the  total  section  of  the 
bottom  is  increased  so  as  to  be  nearly  equal  to  that  of  the  tc^ 
by  the  greater  dimensions  of  the  covering  plates  required  at  the 
joints. 

The  two  sides  together  contain  nearly  the  same  quantity  of  iron 
with  the  top. 

The  distribution  amongst  the  various  parts  is  as  follows : — 

* 
Top,         Sides.        Bottonu 
Per  oeot    Per  cent     Per  cent 

Plates, 6i'o  51*3  6i-i 

Angle  iron  and  T-iron, 29-3  37-3  14*9 

Covers, 38  54  197 

Rivet-heads, 5*9  6*1  4-3 

too'o  loo'o  100 'O 

Proportion  per  cent  of  ef-)      g  f  TOfiL 

fective  to  total  section, /     ^7  7         43-0        72  2  |  ^jjgftj 

Proportion  per  cent,  of  ef-'J 
fective  to  total  section  off  ^ 

bottom,    deducting     owe-  J  '^ 

eeventh  for  rivet-holes^ / 

(See  Fairbaim  On  Tubular  Bridges;  Clark  On  the  Brikmniii 
aaid  Conway  Bridges;  Hodges  On  the  Victoria  Bridge;  St^en- 
son  **  On  Iron  Bridges,"  in  the  Encyc  Brit) 

372.  BrocUMi  •€  iMtt  Girden  — C*MUH«*m  Olrdcn. — In  the 
erection  of  iron  girders,  two  methods  may  be  followed :  the  girder 
may  be  built  on  the  ground,  and  lifted  to  its  ix>sition,  or  it  may  be 
built  in  its  position  on  a  scaffolding.  The  former  method  was 
adopted  \with  the  girders  of  the  Britannia  Bridge,  each  of  whidi 
was  floated  on  pontoons  to  a  position  between  the  piers  directly 
below  its  permanent  position ;  the  &ces  of  the  piers  having  recesses 
to  admit  the  ends  ik  the  girder.     It  was  then  lifted  by  means  of 
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cbams,  hanging  from  the  croes-heads  of  the  plungers  of  a  pair  of 
hydraulic  presses  on  the  top  of  the  piers,  through  a  height  equal  to 
the  stroke  of  the  plungers  (6  feetV  As  the  beam  rose,  the  recesses 
below  its  ends  were  built  up  witn  brickwork,  which  formed  a  pair 
of  temporary  supports  for  it  while  the  plungers  were  lowered  and 
the  chains  shortened,  in  order  to  raise  it  through  the  height  of 
another  stroke,  and  so  on.  The  girders  of  the  Victoria  Bridge 
'were  built  upon  a  scaffolding  in  their  final  position,  all  the  pieces  of 
'which  they  were  made  having  been  shaped  and  punched  in  England. 
The  use  of  scaffolding,  when  practicable,  is  in  general  the  easiest 
and  least  expensive  method,  especially  if  the  girders  are  veiy  large. 
In  the  case  of  the  Britannia  Bridge  it  was  prohibited,  lest  it  should 
interrupt  the  navigation  of  the  strait. 

In  order  to  give  an  iron  girder  of  several  spans  the  property  of 
eonlinuity  over  its  piers,  the  following  method  has  been  practised : — 
Suppose  two  lengths  of  the  girder  to  have  been  erected,  and  to 
be  still  discontinuous  over  the  pier  where  they  meet.  Each  of 
those  lengths  is  bent  by  its  own  weight;  and  their  adjoining 
ends,  instead  of  standing ,  in  parallel  vertical  planes,  lean  away 
from  each  other.  The  further  end  of  one  of  the  lengths  is  now 
tilted  up,  by  means  of  a  hydraulic  press,  a  lifting  jack,  or  some 
Buch  suitable  machine,  until  the  two  adjoining  ends  meet  ac- 
curately; when  they  are  made  fast  to  each  other  by  fishing, 
bolting,  rivetting,  or  other  suitable  means  of  connection.  The 
further  end  of  we  girder  that  has  been  tilted  up  is  now  lowered 
into  its  proper  place;  and  the  same  process  is  followed  for  each 
joint  where  continuity  over  a  pier  is  required. 

As  to  the  effect  of  continuity  over  the  piers  upon  the  strength 
and  stiffness  of  a  girder,  see  Article  178,  p.  287,  and  especially 
Method  II.  of  that  Article,  pp.  288  to  292. 

The  continuity  of  a  girder  must  not  be  carried  throughout  a 
greater  length  than  is  consistent  with  a  proper  provision  for  its 
expansion  and  contraction  by  changes  of  temperature.  An  iron 
girder  can  have  only  one  fixed  support;  all  the  rest  must  be  on 
roller  beds  or  slides;  and  in  the  case  of  a  girder  continuous  over 
piers  the  best  position  for  the  fixed  point  of  support  is  near  the 
middle  of  its  lengtL  The  largest  continuous  iron  girders  yet 
erected  are  those  of  the  Britannia  Bridge;  they  are  1,511  feet  in 
length,  and  rest  on  three  piers  and  two  abutments,  forming  four 
spans;  they  have  a  fixed  support  on  the  central  pier,  and  rest  on 
roUers  at  the  other  four  points  of  support,  so  that  the  length  of 
metal  which  expands  and  contracts  at  each  side  of  the  fixed  support 
is  755i  feet 

From  what  has  been  stated  respecting  the  mode  of  connecting 
the  lengths  of  a  continuous  girder,  it  is  obvious  that,  previous  to 
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the  "">^^*^  of  the  oonnectian,  etch  length  bends  under  iti  ovn 
wei^t  80  a  separate  girder,  and  that  the  whole  of  its  U^  should  be 
stiffened  to  resist  compreflsion.  After  the  cramection  has  been 
effected,  the  top  of  each  girder  assnmes  a  state  of  tension,  and  ihe 
bottom  a  state  of  oompressioD,  from  the  pieri  to  the  points  of 
eontrarff  JUxure  ^p.  391,  equation  10).  Henoe  both  the  tap  and 
the  bottom  of  a  girder  which  is  to  be  continnoos  over  the  pien  aie 
to  be  stiffened  by  means  of  cells  or  ribs,  so  as  to  be  capaUe  of 
resisting  either  oompreflsion  or  tension.  Snch  is  the  caae  in  the 
Britannia  Bridge,  where  the  girders  are  ceUnlar  both  above  and 
below.    (See  the  authorities  cited  in  p.  534.) 

It  may  sometimes  be  desired  to  make  the  girder  impmfioUff 
conHnuous  aver  the  piers,  for  the  following  reason : — ^It  has  aheady 
been  shown  in  Article  178,  Method  IL,  equations  6  and  7,  ppi 
289,  290,  that  if  to  be  the  fixed  and  «/  the  rolling  load  per  unit  of 
length,  the  moments  of  flexure  are  respectively, 

over  a  pier, -Mi  =  — 57— '^i 0) 


in  the  middle 


24 

to+2ii/ 


of  a  span.  Mo  ==— 34—  ^; W 


the  sum  of  which,  or  — k — '  ?,.-• (^) 

is  simply  the  moment  of  flexure  in  the  middle  of  a  separate  girder. 
The  efiect  of  the  operation,  then,  already  described,  by  which  a 
girder  is  made  continuous  over  the  piers,  oonsLsts  in  relieving  the 
middle  of  each  span  of  the  girder  of  bending  action  to  the  amount 
denoted  by  the  expression  (1),  and  transferring  that  amount  of 
bending  action  to  the  parts  over  the  piers.  If,  as  is  the  case  is 
tubular  bridges  of  the  largest  class,  the  rolling  load  is  less  than 
the  fixed  load,  (1)  is  greater  than  (2);  but  the  most  advantageous 
method  of  employing  the  strength  of  the  material,  is  to  make  the 
bending  actions  at  mid-span  and  at  each  pier  equal  to  each  other, 
each  of  them  being  one-half  of  the  expression  (3);  that  is  to  say, 

-i?-"- w 

To  effect  this  result,  an  imperfect  conJUtmUy  is  to  be  produced  in 
the  following  manner : — 

Observe  the  angular  opening  between  the  end  sur&oes  <^  a  pair 
of  lengths  of  the  girder  as  they  lean  from  each  other  before  being 
connected;  denote  it  by  i^  then  compute  the  following  quantity  :•-> 
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•^;. 


.(5.) 


and  let  this  be  tiie  angle  between  the  ^Eices  of  a  wedge-shaped 
filling  piece  to  be  introduced  into  the  opening  between  the  ends  of 
the  lengths  of  girder  before  connecting  them,  so  that  the  opening 
may  be  reduced  in  the  ratio  of  the  expression  (4)  to  the  expression 
(1).  Then  tilt  up  the  further  end  of  one  of  the  lengths  until  the 
joints  fit,  and  connect  them. 

1/  the  rolling  had  is  to  be  neglected  in  making  this  adjustment,  the 
expression  (5)  becomes  simply  tf  -r-  4,  so  that  the  angular  opening  is 


Fig.  260.— [The  BriUumU  Bridge.] 

to  be  reduced  to  3-4ths,  and  the  further  end  of  one  of  the  lengths 
tilted  up  to  3-4ths  of  the  height  which  would  have  been  necessary 
for  perfect  continuity.  The  result  is,  that  the  moments  of  flexui'e 
at  mid-span  and  at  the  piers  become  equal  to  each  other  for  a  fixed 
load.  This  was  the  method  followed  at  the  junction  over  the 
cential  pier  of  the  Britannia  Bridge. 

373.  Bflect  mi  wind  •n  Tabular  GIrden. — The  pressure  of  the 
^^^d  against  one  side  of  a  tubular  girder  acts  like  an  uniformly  dis- 
tributed load  tending  to  bend  it  sideways,  and  producing  a  bending 
moment  and  maximum  stress  whose  values  are  as  follows : — 

Let  uP  be  the  pi*essure  per  lineal  inch  of  girder,  found  by 
multiplying  the  intensity  of  the  pressure  of  the  wind  by  the  depth 
of  the  side  of  the  girder. 
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Z,  the  span; 

6,  the  breadth,  from  centre  to  centre  of  the  yeiiacal  sides. 

A|  and  A,,  as  before,  the  sectional  area  of  the  top  and  bottoai; 

and  A,,  the  joint  sectional  area  of  the  sides. 
Then  the  greatest  bending  moment  is, 

til*  ff 
M  =  — g-  at  the  middle  for  a  separate  single  span  girder;  (1.) 

8 

M  =  -^^  at  each  pier  for  a  girder  continuons  oyer  ihe  piers ;  (2.) 

and  the  greatest  stress  is 
,U,  . .T  ft  =  M,*6  (^  +  ^^) (3.) 

The  greatest  pressure  of  wind  ever  observed  in  Britain*  was 
55  lbs.  on  the  square  foot,  =  '382  lb.  on  the  square  inch. 

374.  Plata  Archad  Imh  Bite  are  usually  made  of  cast  iron,  but 
wrought  iron  is  sometimes  employed.  The  present  article  is  con- 
fined to  those  iron  arches  which  have  not,  or  do  not  depend  for 
their  stiffness  upon,  diagonal  bracing  in  their  spandrils,  so  that  the 
disfig^urement  of  each  rib  is  resisted  either  by  its  own  stiffness  alone, 
or  by  that  stiffness  combined  with  the  stiffitess  of  a  horiwntal 
girder  directly  above  the  rib. 

The  whole  theoiy  of  the  action  of  a  load  on  an  arched  rib  has 
already  been  given  in  Article  180,  pp.  296  to  314,  with  the 
exception  of  some  cases  which  have  come  to  the  author  s  know- 
ledge since  that  part  of  this  work  was  in  type,  and  which  will  be 
treated  of  in  this  and  in  some  subsequent  articles. 

Cases  in  which  the  arched  rib  is  so  braced  by  means  of  ihe 
spaudril-framing  that  a  special  theory  is  required  for  them,  will  be 
treated  of  in  the  next  section. 

Beference  will  now  be  made  to  those  parts  of  preceding  articles 
where  the  formulse  to  be  used  in  computing  the  strength  of  arched 
ribs  are  to  be  found. 

The  usual  form  of  section  is  the  I  or  double  T-shape,  with  equal 
flanges  above  and  below,  the  thickness  of  the  web  being  equal,  or 
nearly  equal.  The  depth  (denoted  by  A  in  the  formulse)  is  not 
generally  to  be  computed  by  means  of  a  formula,  but  is  to  be  foond, 
either  by  a  series  of  trials,  or  by  adopting  an  empirical  rule,  such 
as  making  it  from  l-40th  to  l-60th  of  the  span.  The  ratio  q^ioU 
used  in  the  formulse  for  strength  and  stiffiiess,  is  to  be  computed  for 

*  By  UiA  Ut8  Dr.  Niebol,  at  Glasgow  Obterratoiy. 
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sucIl  a  seddoD  by  means  of  the  ezpreBsion  in  Case  XL  of  Article 
179,  p.  295. 

The  neutral  axis  of  the  rib  should  be  a  parabola;  for  which,  in 
arches  of  small  rise  as  compared  with  the  span,  an  arc  of  a  circle 
may  be  substituted  without  material  detriment  to  the  stability  of 
the  arch. 

The  rib  may  be  made  of  wniform  tt^nesa  by  increasing  the 
sectional  area  from  the  crown  to  the  springing  in  the  proportion  of 
the  secant  of  the  inclination,  as  explained  in  Article  180,  Problem 
II.  'When  the  rib  is  not  of  un^orm  stiffness,  but  of  uniform 
section,  the  computation  by  means  of  the  formulie  gives  the  area  of 
section  <U  the  crown  of  a  r\b  of  uniform  stiffnua  of  the  same  strength^ 
and  this  must  be  augmented  in  the  proportion  of  the  secant  of  the 
inclination  of  the  neutral  axis  at  the  springing  to  radius,  in  order 
to  obtain  the  uniform  ixrea  of  eeciion  required  for  the  proposed  rib 
of  uniform  section. 

Cabs  I. — ^When  the  rib  has  flat  ends  firmly  bedded  against  im- 
movable skew-backs  (as  is  usually  the  case  with  cast  iron  arches), 
the  case  is  that  of  Article  180,  Problem  lY. ;  and  the  first  step  in 
the  calculation  is  to  compute  the  quantity  denoted  by  B,  by 
means  of  equation  30,  p.  305  (which  requires  the  following  coi^ 

rection  :-for  -3^  read  -g^-j. 

Should  the  skew-backs,  through  the  yielding  of  piers  or  abut- 
ments, spread  asunder  when  the  arch  Lb  loaded,  the  case  is  that  of 
Problem  V.,  and  B  is  to  be  computed  by  means  of  equation  40, 

inwhichaJsofor—w-Tg— J  read  — s-72 — ).      In  using  this 

last  equation,  a  sectional  area,  A^,  has  to  be  assumed. 

To  aUow  for  the  straining  effects  of  rise  and  faU  of  temperaturey 
proceed  as  follows : — Let  t  denote  the  greatest  probable  deviation 
of  the  temperature  from  that  at  which  the  bridge  is  to  be  erected; 
E,  the  modulus  of  elasticity  of  the  material ;  Pq,  the  intended  mean 
intensity  of  the  greatest  thrust  at  the  crown  of  the  rib;  and  e,  the 
co-efficient  of  expansion,  whose  value  is 

•0000067  per  degree  of  Fahrenheit,  or 
*ooooi2o  per  centigrade  degree, 

then,  in  computing  B,  by  means  of  equation  30  or  equation  40, 
the  following  additional  term  is  to  be  introduced  into  the  factor 
within  the  brackets : — 

=^^' <'•> 
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the  sign  <  zp  >  being  used  aoooiding  aa  t  denotes  <  ^y,  V  of  tem- 

peratarei 

The  mean  intensity  of  thrust  p^  may  be  unknown;  in  whkk 
case  a  provisional  calcolation  of  the  horisontal  throat  and  area  of 
section  must  be  made  without  allowing  for  the  effects  of  change  of 
temperature,  in  order  to  obtain  an  approximate  Talne  oip^ 

When  B  has  been  computed,  the  next  step  is  to  oomputCy  bj  tiie 
formulft  36,  p.  370,  the  proportions  r^  and  r^^  of  the  span  whidi 
must  be  loaded  with  a  rolling  load,  in  order  to  make  ihe  thnzit 
and  tension  respectiyelj  the  greatest  possible. 

Should  the  sectional  area  be  fixed,  the  greatest  thrust  p^  and  Ihe 
greatest  tension  p\,  are  then  to  be  computed  by  means  of  eq[aatioiu 
37  and  38  respectively,  p.  370. 

Should  the  sectional  area  have  to  be  fixed  by  compatai^aB, 
transpose,  in  these  equations,  the  symbols  A  and  p;  they  thea 
become  formulsB  for  computing  the  sectional  area,  if  the  greatest 
safe  working  thrust  and  tension  respectively  be  put  for  j?^  and^i: 
and  the  greater  of  the  two  values  of  Aj^  is  to  be  adopted  for  the  aieft 
at  the  crown  of  a  rib  of  uniform  stiffness. 

To  find  the  total  horizontal  thrust  H  when  the  stress  is  greatest 
use  equation  31,  p.  306.  The  quantity /^^  in  the  expression  (1)  ahore 
has  for  its  value  H  -f-  A^. 

The  greatest  total  horizontal  thrust  is  found  by  making  r  =  1. 

The  approximate  formulie,  37  ▲,  38  a,  p.  370,  and  31  b,  33  b^ 
37  B,  38  B,  p.  308,  may  be  used  in  the  cases  there  explained. 

Case  II. — ^When  the  rib  is  fixed  at  the  crown  to  a  horvoonial 
girder,  see  Problem  VIII.,  pp.  313,  314. 

Case  III. — ^The  beam  may  be  vertically  hinged  (U  ^  ends,  by 
having  them  rounded,  and  supported  by  hollow  cylindrical  bearings^ 
so  that  they  resemble  trunnions  or  journals.  This  case  fidls  under 
Problem  Y L ;  and  the  first  step  in  the  calculation  is  to  compute  the 
value  of  the  quantity  C  by  means  of  equation  51,  p.  310  (in  which 


for -3^-,  read -3-^-1 


To  allow  for  the  effect  of  changes  of  temperatiue,  introduce 
into  the  factor  of  C  within  the  brackets,  the  expression  (1)  of  this 
Article,  already  explained. 

The  most  severe  stress  occurs  very  nearly  when  one  half  of  the 
span  is  loaded     Under  that  condition, 

To  find  the  total  horizontal  thrust  H,  use  equation  52  A,  p 

311^ 
To  find  the  greatest  moment  of  flexure  M*,  use  equation  57  a, 

p.  312; 
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To  find  the  greatest  intensity  of  stress  if  the  sectional  area  has 
been  fixed,  use  equation  58,  p.  311 ; 

To  find  the  required  sectional  area  at  the  crown,  make  p^  =  the 
greatest  safe  working  intensity  of  thrust;  and  use  the  follow- 
ing formula : — 

'"■k(^*^) w 

In  Cases  I.,  II.,  and  III.,  to  find  the  greatest  deflection^  see  Problem 
VII.,  pp.  312,  313. 

Ca8£  IY. — JRib  hinged  at  the  croum  and  ai  the  ends, — The  hing- 
ing of  the  rib  at  the  crown,  as  well  as  at  the  ends,  has  been  pro- 
posed by  M.  Mantion  {AnncUee  dee  Ponta  et  Chausa^,  1861),  but 
has  never  yet  been  executed.  This  mode  of  construction  would 
have  the  great  advantage  of  annulling  the  straining  effect  both  of 
changes  of  temperature,  and  of  the  yielding  of  the  piers.  The 
formulse  for  computing  the  greatest  stress  in  this  case  are  deducible 
from  those  of  I^blem  YL,  pp.  311,  312,  by  making  C  =  0;  and 
theiy  are  as  follows : — 

Let  i  be  the  span  )    ^^j^^  ^^^^  ^^  ^  ^^^^ 
Ky  tne  nse      J 

tt^Q,  the  fixed  load  per  lineal  horizontal  inch ; 
t9,  the  rolling  load  per  lineal  horizontal  inch; 

then  the  greatest  intensity  of  stress  occurs  when  one  half  of  the  rib 
is  loaded  with  the  rolling  load;  and  in  that  condition  the  total 
horizontal  thrust  is, 

„      Z*    /        to' 


U^'o^D' <^> 


""8* 

the  greatest  moment  of  flexure,  which  acts  downwards  on  the 
loaded  half  and  upwards  on  the  tmloaded  half  of  the  rib,  is 

^'-% (4.) 

the  greatest  intensity  of  thrust  occurs  at  the  outer  flange  of  the 
loaded  and  the  inner  flange  of  the  unloaded  half  of  the  lib,  and  has 
the  following  value :— 

and  the  greatest  intensity  of  tension,  if  any,  occurs  at  the  inner 
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flange  of  the  loaded  and  outer  flange  of  the  unloaded  nb,  and  has 
the  following  value : — 

To  proportion  the  depth  of  the  rib  A  to  its  riae  k,  ao  that  Ur 
greatest  tension  maj  bear  anj  given  ratio  to  the  greatest  thrust, 
make^ 

y*_         ^         Pi-P'u 


k      8  tOQ  +  4  w'^^+^y 


.(7.) 


(for  the  value  of  g,  as  before,  see  Article  179,  Case  XL,  p.  295.) 

The  ^7100^9^  toial  horizontal  thruH  occurs  when  the  lib  is  loaded 
over  its  whole  span;  and  its  amount  is^ 

Hi  =  ^K  +  tr). (a) 

In  many  of  the  older  examples  of  cast  iron  arched  bridges,  the 
ribs  consist  of  a  laige  number  of  small  cast  iron  open-work 
panelled  frames,  acting  as  voussoirs,  and  bolted,  dowelled,  or  othei^ 
wise  connected  together ;  but  this  mode  of  construction  is  deficient 
in  strength  and  stability;  and  in  later  and  better  examples  the 
ribs  are  made  in  as  few  and  as  long  pieces  as  is  practicable,  and 
these  are  made  to  abut  firmly  and  accurately  against  each  other  at 
planed  surfaces,  and  are  connected  by  means  of  transverse  flanges 
and  bolts.  In  cast  iron  arches  of  moderate  size  each  rib  usiiallj 
consists  of  two  lengths  only,  bolted  together  at  the  crown.  In 
Southwark  Bridge  the  ribs  consist  of  pieces  of  20  feet  in  length, 
whose  ends  abut,  not  directly  against  each  other,  but  against 
transverse  plates,  which  serve  to  bind  the  several  parallel  ribs  of 
the  bridge  together  crosswise,  and  through  which  the  flanges  of  the 
lengths  of  the  ribs  are  bolted  together.  In  the  new  Westminster 
Bridge  each  rib  consists  of  five  pieces,  the  side  pieces  being  of 
cast  iron,  and  the  middle  piece  of  wrought  iron. 

The  subject  of  iron  arched  ribs  will  be  further  considered  in 
treating  of  braced  iron  arches  in  the  next  section. 


Sbctiok  rV. — 0/  Iron  Frama, 

375.  ivMi  PlatfMVis. — A  platform  in  which  timber  planking  is 
suppoi-ted  by  iron  girders,  or  girders  and  joists,  requires  no  remarks 
beyond  those  which  have  already  been  made  in  Article  336,  pp. 
465  to  4^^%^  regard  being  had  to  the  diflerence  of  the  material  of 
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the  jovsta.    As  to  the  weight  of  platforms  with  their  loads,  see 
p.  466. 

As  to  the  distribution  of  the  load  of  the  platform  of  a  railway 
bridge  amoDgst  the  girders,  see  Article  341,  pp.  475  to  477. 

Xron  may  be  used  as  the  covering  of  a  platform  in  various  forma 
I.  The  Barlow  Bail  is  a  good  form  of  section  for  supporting  very 
heavy  loads.  (See  fig.  230,  p.  518;  also  Article  366,  Example 
XIL,  p.  523.)  When  proportioned  as  directed  in  the  example 
cited  (that  is  to  say,  the  sectional  area  of  the  table  =  the  joint 
area  of  the  quadrantal  wings  x  '273),  it  has  the  following  pro- 
perties :  — 

Iiet  R  be  the  radius  of  the  quadrantal  wings  measured  to  the 
middle  of  their  thickness. 
t,  their  thickness,  then. 


Sectional  area  of  Barlow  Rail  =  4  R  <  very  nearly; 

The  neutral  axis  is  nearly  at  the  middle  of  the  depth 

2  8 

Brealang  moment  =  =/^R  x area  =  ji/^  t  R*  nearly 


J  and  Lj 

17;  j  • 


f^  being  the  modulus  of  rupture  by  crushing  or  buckling  of  the  top 
table,  or  probably  from  30,000  to  35,000  lbs.  per  square  inch 

II.  Corrugated  Iron  in  sheets  is  suited  to  bear  light  loads, 
provided  the  sheets  are  so  supported  that  the  bending  action  of  the 
load  takes  place  in  a  plane  p^:ullel  to  the  ridges  and  furrow&  Iron 
'  laths  or  strips  must  be  rivetted  across  the  ridges  and  furrows  to 
prevent  them  from  spreading.  These  may  be  at  distances  apart 
equal  to  about  twice  the  breadth  of  the  corrugations. 

Let  h  denote  the  breadth  of  a  sheet  of  corrugated  iron,  t  its 
thickness,  h  the  depth  from  ridge  to  furrow;  then  its  breaking 
moment  is  approximately, 

^/.*&<; (2.) 

f,  being  the  modulus  of  rupture  by  crippling  at  the  compressed 
part 

III.  Bending  Moment  of  the  Load  on  a  Plate,— When  a  rect- 
angular plate  is  supported  on  two  parallel  edges,  the  bending 
moment  exerted  by  a  load  placed  upon  it  is  the  same  as  that 
exerted  by  the  same  load  on  a  beam  of  the  same  span. 

When  a  rectangular  plate  is  firmly  supported  at  all  its  four 
edges  by  joists  and  girders,  the  bending  moment  is  diminished.  If 
the  plate  is  square,  the  bending  moments  exerted  in  planes  parallel 
to  its  two  dimensions  are  equal  to  each  other;  if  it  is  oblong,  the 
greatest  bending  moment  is  exerted  in  a  plane  parallel  to  the 
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breadth,  or  lesKr  dimension  of  the  plate,  the  tendmicy  being  to 
split  it  lengthwise  at  the  middle  of  its  breadth. 

The  following  formulie  are  founded  on  a  theoiy  which  is  odj 
approximately  true,  but  which  nevertheless  may  be  considered  to 
involve  no  error  of  practical  importance : — 

Let  W  denote  the  total  load. 

If  the  length  of  the  plate,  between  the  supports  of  its  ends. 
b,  its  breadth,  between  the  supports  of  its  side  edges. 
M,  the  greatest  bending  moment 

Case  L — Square  plate,  load  uniformly  distributed; 

^-^ (3-) 

Case  IL — Square  plate,  load  collected  in  tbe  centre; 

*'  =  -16  <*•> 

Casb  IIL — Oblong  plate,  load  noifonnly  distributed; 

^=8(^T6^y ^^-^ 

Case  IY. — Oblong  plate,  load  collected  in  the  centre;  I  less  than 
1-19  6; 

^  =  8(irT6«) <^> 

Case  Y. — Oblong  plate,  load  collected  in  the  ceniare,  I  equal  to 
or  greater  than  1'19  b; 

M=^^ (7.) 

being  the  same  as  for  a  plate  supported  at  the  side  edges  ordy. 

Case  VI. — Circular  plate,  of  the  diiuneter  6,  supported  all  round 
the  edge,  load  uniformly  distributed; 

M=5^=-053W6 (a) 

o  •• 

Case  YIL — Circular  plate,  load  collected  in  the  centre; 

M=^=-159W6 (9.) 
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IV.  Cast  Iron  Flooring  Plates, — ^The  breaking  moment  of  these 
plates  is  to  be  made  greater  than  the  bending  moment  of  the 
working  load  in  the  ratio  of  a  suitable  &ctor  of  safety  (such  as 
mx).  They  should  be  strengthened  by  means  of  verticil  ribs  or 
feathers  on  the  upper  side;  and  then  the  moment  of  resistance 
may  be  computed  as  for  a  trough-shaped  or  X-shaped  girder. 
■  I  367,  p.  524;  Article  163,  pp  264,  265.) 


"V.  Buckled  Wrought  Iron  Plates  (the  invention  of  Mr.  Mallet)  are 
plates  of  various  figures  (usually  square  or  oblong),  having  a  slight 
convexity  in  the  middle,  and  a  fiat  rim  round  the  edge,  called  the 
"  fillet ;"  and  are  the  best  form  yet  devised  for  the  iron  covering  of 
a  platform.  They  are  usually  placed  so  that  the  convex  part  is 
compressed,  and  the  flat  fillet  stretched,  and  when  they  give  way 
under  an  excessive  load,  it  is  usually  by  the  crushing  or  crippling 
of  the  convex  part 

Let  I  be  the  length  of  that  section  of  a  buckled  plate  at  which 
the  greatest  bending  moment  is  exerted  (according  to  the  principle 
stated  at  the  beginning  of  Division  IIL  of  this  Article,  p.  543);  h, 
the  depth  of  curvature  at  the  centre  of  the  plate ;  t,  its  thickness, 
all  in  inches.     Then  the  moment  of  resistance  is  neaily 

Ys^J^f. (10) 

f^  being  a  modulus  of  rupture  by  crushing  or  crippling  the  plate  at 
its  crown  or  most  convex  part  From  published  residts  of  experi- 
ment, it  appears  that  for  a  plate  36  inches  square,  including  the 
fillet,  which  is  2  inches  broad,  with  a  curvature  of  1  '75  inch,  and 
\  inch  thick,  made  fast  all  round  the  edges,  the  crushing  load  dis- 
tributed over  the  plate  is  about  18  tons;  whence,  according  to 
Case  L, 

f^  =  21,600  lbs.  per  square  inch  nearly. 

This  co-efiicienty  like  that  expressing  the  resistance  of  wrought 
iron  struts  to  crushing  (see  Article  366,  p.  522,  equation  1), 
probably  varies  with  the  proportion  of  the  thickness  of  the  plate  to 
its  breadth,  having  for  its  maximum  value  36,000 ;  but  sufficient 
experiments  have  not  yet  been  published  to  show  the  law  of  its 
variation  precisely.  According  to  the  table  of  safe  loads  for 
buckled  plates  3  feet  square,  published  by  the  inventor,  the  safe 
load  varies  nearly  as  the  square  of  the  thickness;  this  would  make 
the  co-efficient  f^  vary  nearly  in  the  simple  ratio  of  the  thickness 
for  plates  of  equal  br^th,  and  of  proportionate  thicknesses,  within 
the  limits  of  those  mentioned  in  the  table,  which  are  '048  inch  and 
•375  inch.  The  factor  of  safety  adopted  being  4  for  a  steady  load, 
and  6  for  a  moving  load,  the  safe  loads  given  in  the  table  for  a 

2ir 


d46  UATKBIAIA  AMD  STBUCTDBXS. 

plate  3  feet  square,  \  inch  thick,  and  with  l'7o  inch  of  curvBture, 
are  4*5  tons  for  a  steady  load,  and  3  tons  for  a  moving  load.  The 
buckled  plates  used  hj  Mr.  Page  for  the  platform  of  the  Near 
Westminster  Bridge  measure  84  inches  by  36,  with  a  curvstuie  of 
3^  inches,  and  thickness  of  ^  inch;  they  bear  17  tons  on  the 
centre  withiout  giving  way.  According  to  Cajse  Y.,  this  ocnreapoiids 
toamaximum  thrust  at  the  convex  part  of  17,920  lbs.  p^  sqoareindL 

The  square  form  of  buckled  plates,  supported  and  ftstened  at  all 
the  four  edges,  is  the  most  favourable  to  strength. 

376.  ivMi  B««ft. — ^An  iron  roof  may  either  be  made  ^[itirely  of 
iron,  or  the  framework  may  be  of  iron  and  the  covering  of  some 
other  materiaL  As  to  the  construction  and  weight  of  v&rioua  dorts 
of  covering  for  roofii,  see  Article  337,  p.  468.  To  the  sarts  of 
covering  Uiere  described  there  may  now  be  added  huMed  irtm 
pkUee,  tdready  described  in  the  kst  article ;  the  {Sicknesses  suited  §o^ 
roofing  being  from  l-20th  to  1-lOth  of  an  inch. 

The  framework  of  iron  roofs  consists  of  parts  analogous  to  those 
abeady  described  in  treating  of  the  framework  of  timber  roo&  in 
Articles  338,  339,  pp.  469  to  475,  with  the  exception,  ihst  in 
roo&  covered  with  sheet  iron,  whether  plain,  corrugated,  or 
buckled,  the  ''common  rafters'*  are  unneoessaiy;  the  covering 
being  supported  on  horizontal  T-iron  or  angle  iron  bars,  which  act 
as  laths  or  as  purlins,  and  which  are  themselves  supported  on  the 
principal  rafters.  Those  principal  rafters,  and  the  trusses  to  which 
they  belong,  are  placed  at  regular  distances  of  from  2  feet  6  inches 
to  7  feet  apart;  the  average  distance  is  about  5  feet. 

The  general  designs  of  those  frames  or  trusses  are  analogous  to 
those  used  in  timber  roo& ;  and  in  the  computation  of  the  thrusts 
and  pulls  along  the  several  pieces,  the  same  formulae  are  appHcabla 
(See  Article  339,  pp.  469  to  475.)  In  iron  roof  trusses,  however, 
there  is  seldom  a  tie-^)6am;  the  principal  tie  being  usually  a  single 
rod,  supported  at  one  or  more  points,  and  having  no  transverse 
load  except  its  own  weight  between  the  supported  points. 

To  the  examples  of  roof  trusses  given  in  Article  339,  may  be 
added  the  following,  which  illustrates  a  kind  of  secondary  tmssing 
peculiar  to  iron  roofs  as  distinguished  from  timber  roo& : — 1  2  3  is 


Fig.  251. 


the  primary  trusSy  consisting  of  the  two  rafters  1  2,  1  3,  and  the 
principal  tie-rod  2  3.     To  find  the  stresses  on  its  pieces,  conceiTe 
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halfihe  weight  of  a  diyision  of  the  roof  to  be  concentrated  at  the 

point  1,  and  proceed  as  in  Article  339,  Case  L,  p.  469. 

1  3  4  is  a  secondary  truss,  supporting  the  middle  point  5  of  the 

rafter  by  the  aid  of  the  stmt-brace  4  o.    Conceive  one  quarter  of  the 

^weight  of  a  division  of  the  roof  to  be  concentrated  at  5,  and 

proceed  as  in  Artide  119,  iiga  102,  103,  p.  182. 

5  6  3,  1  7  5,  are  smaller  secondary  trusees,  similar  to  1  3  4,  but  of 

half  the  dimensions,  and  each  sustaining  on&^hth  of  the  weight  of 

a  division  of  the  roof. 

The  points  of  support  of  the  rafter  may  thus  be  multiplied  to 

any  required  extent. 

The  total  or  resultant  stress  on  each  portion  of  each  bar  of  the 

tmas  is  to  be  determined  by  the  aid  of  the  principle  of  Article  1  1, 

p.  184. 

Thus  the  pull  on  the  middle  division  of  the  great  tie-rod  is 
simply  that  due  to  the  primary  truss,  12  3.  The  pull  on  4  7  is 
simply  that  due  to  the  secondary  truss  14  3.  The  puUs  on  5  7  and 
5  6  are  simply  those  due  to  the  smaller  secondary  trusses  1  5  7,  5  6  3. 
The  puU  on  1  7  is  the  sum  of  those  due  to  the  trusses  14  3  and  175. 
The  pull  on  6  4  is  the  sum  of  those  due  to  the  trusses  12  3  and  14  3. 
The  ptdl  on  6  3  is  the  sum  of  those  due  to  the  trusses  1  2  3,  1  4  3, 
and  5  6  3.  The  thrust  on  each  of  the  four  divisions  of  the  rafter  1  3 
IB  the  sum  of  three  thrusts,  due  to  the  primary  truss,  the  laiger 
secondary  truss,  and  one  of  the  smaller  secondary  trusses  re- 
spectively. 

As  to  the  effect  of  caanhermg  the  principal  tie  by  bracing  it  up 
to  the  top  of  the  truss,  see  Artide  119,  fig.  100,  p.  181. 

In  the  construcHoHi  of  iron  roof-trusses  the  rafters  are  usually 
made  of  T-shaped  or  H-shaped  iron  bars,  and  the  struts  of  T-iron 
or  angle  iron  bars,  or  any  convenient  form  for  resisting  thrust; 
As  to  the  strength  of  struta  of  these  and  other  figures,  see  Article 
366,  pp.  521  to  524.  The  divisions  of  a  rafter,  and  also  the 
struts,  may  be  considered  as  hinged  ai  the  ends.  For  the 
struts^  cast  iron  is  sometimes  employed.  (See  Article  365,  p. 
520.)  The  smaller  ties  are  usually  round  or  square  rods;  the 
larger  ties  are  sometimes  fiat  bars  set  on  edge.  The  foot  of  a 
rafter  may  be  connected  with  the  end  of  the  great  tie-bar  by  a  gib 
and  key  traversing  an  oblong  slot  (Article  361,  p.  516k  or  &e 
foot  of  the  rafter  may  abut  into  a  cast  iron  shoe,  to  whicn  the  tie- 
rod  may  be  listened  by  a  key,  a  pin,  or  a  screw  and  nut.  (Article 
362,  p.  516.)  The  oblique  and  vertical  ties,  or  suspending-pieces, 
generally  have  jaws  or  forks  at  their  upper  ends,  where  they  are  hung 
finom  the  rafters  by  means  of  pins,  and  screws  at  their  lower  ends, 
where  they  are  connected  with  the  struts  and  with  the  great  tie-bar 
by  means  of  pinching  nut&    A  central  vertical  suspending-rod  ia 
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called  a  ''king-bolt;"  lateral  vertical  saspending-rodi  are  eaDed 
*'  qaeen-bolt&" 

A  roof  maj  have  arched  iron  ril)8  instead  of  nfter^  As  to 
their  strength,  see  Article  374,  pp.  537  to  542.  As  to  tlie  stress 
on  a  semidrcalar  rib,  see  the  formula  for  such  libs  when  made  of 
timber.  Article  345,  pp.  481,  482. 

A  simple  and  light  roof  for  moderate  spans  is  made  by  nabg 
bent  sheets  of  oorragated  iron  so  as  to  act  at  once  as  a  corenng  and 
an  arch,  the  thrust  at  the  foot  being  resLBted  by  horiaontal  tie-rod& 
As  to  the  strength  of  comigated  iron,  see  Article  375,  p.  543. 

377.  iffWK  Bff«ce«  Oipjiew  o— er«i  PfigM  ■  Iron  trasses  or 
braced  girders  are  analogous,  in  their  fignre  and  in  the  action  of 
the  load  upon  them,  to  the  timber  '^bridge  trusses'*  already  described 
in  Article  341,  p.  475,  and  the  same  formulse  are  to  a  great  extent 
applicable  to  both.  The  chief  differences  are,  that  pieces  which 
act  alternately  as  struts  and  as  ties  are  more  frequently  found  in 
iron  than  in  timber  trusses;  and  that  in  iron  trusses  figura 
frequently  occur  which  resemble  those  of  timber  trusses  inverted, 
so  ^at  the  ties  become  struts  and  the  struts  tiea 

For  the  distribution  of  the  load  amongst  a  set  of  parallel  bridge- 
girders,  see  pp.  475  to  477. 

The  following  are  examples  of  the  genenJ  designs  of  iron  braced 
girders:— 

I.  Triangfdar  IVum.— (See  fig.  252.)  This  exactly  resemble 
the  triangular  timber  truss,  fig.  207, 
p.  470,  inverted;  B  B  being  a  strut, 
supported  in  the  middle  by  the  strut 
D,  and  the  tie-rods  A  and  C.  The 
stress  on  each  of  its  pieces  may  be 
computed  by  means  of  the  formulie  1,  p.  470,  substituting  thrust 
for  tension,  and  tension  for  thrust. 

If  each  of  the  divisions,  B,  B,  of  the  horizontal  strut  acts  also 
as  a  60am,  supporting  a  distributed  load,  the  greatest  intensity  of 
thrust  amongst  its  particles  is  to  be  computed  by  the  formula 
(already  given  for  arched  ribs). 


P 


'i(^*-> (» 


in  which  H  is  the  horizontal  thrust,  computed  as  in  p.  470; 
M,  the  bending  moment ; 
A,  the  sectional  area  of  the  strut  B  B;  - 
h,  its  depth; 

q,  a  factor  depending  on  its  figure,  as  to  which,  see 
Article  179,  p.  295. 
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£7  transposing  p  and  A  in  equation  1,  above,  it  becomes  a 
formnla  for  computing  the  required  sectional  area,  p  being  made 
equal  to  the  greatest  working  tiirust  per  square  inch. 

IL  Trap^oidai  Trtu8.-—{Bee  fig.  253.)  This  resembles  the 
trapezoidal  timber  truss,  fig.  209,  p.  470,  inverted;  B  B  B  being 
a  horiiontal  strut,  suj^rted  hj 
vertical  struts  K,  K ;  A,  F,  and 
C,  are  the  principal  ties;  G,  G, 
tie-braces,  which  act  only  when 
the  points  5  aad  6are  unequally 

The  greatest  stress  on  the  principal  fAcces  takes  place  when 
both  points  5  and  6  are  fully  loaded. 

liCt  W  denote  the  greatest  load  on  each  of  these  points  (in- 
cluding cne-quarter  of  the  weight  of  the  truss  itself); 

e,  the  half-span  of  the  truss; 

X,  the  distance  of  each  of  the  points  5  and  6  from  the  middle 
of  the  span; 

k,  the  depth  of  the  truss,  measured  from  the  centre  of  the 
horizontal  strut  B  B  B  to  the  centre  of  the  horizontal 
tieF; 

H,  the  total  thrust  along  B  B  B,  and  total  tension  along  F ; 

T,  the  total  tension  on  each  of  the  inclined  ties,  A,  C; 
then 

H  =  W(c^a?)--ifc;  T  =  V(H2  +  W«) (2.) 

To  nnd  the  greatest  amount  of  tension,  S,  on  each  of  the 
diagonal  braces,  G,  G,  let  W  be  the  greatest  excess  of  the  load  on 
either  of  the  points,  5,  6,  above  the  load  on  the  other  point;  then 
(as  in  equation  4,  p,  477), 

«  =  (?  +  ^'l73-^^^'^^ ('•) 

G  being  the  weight  of  one  of  the  braces. 

The  greatest  tiirust  on  each  of  the  vertical  struts  K,  £,  is  given 
by  the  expression, 

^=W-^  +  f  +  K  +  G; (8  a.) 

in  which  B  denotes  the  weight  of  the  horizontal  strut  B  B  B,  and 
K  that  of  the  upright  itself 

III.  Zig-zag  Truss,  or  Warren  Girder. — ^This  girder  consists  of 
upper  and  lower  horizontal  booms,  the  former  of  which  acts  as  a 
9hut^  and  the  latter  as  a  tie,  in  resisting  the  bending  action  of  the 
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load ;  of  a  series  of  diagonal  btaoes  fonniog  a  rig-sag,  wbidi  resist 
the  bearing  action  of  the  load  by  thrust  and  tension  altematdj; 

and  in  some  cases  of  a  series 

^^ jL 4r yc 7«     o^  vertical  sospending-rodb  to 

\       /\       /\       /\  /       hang  cross-joists  fitym  the  nj^KT 

\  /     \  /    \  /     \       /  row  of  joints,  such  as  1,  3, 5, 

Y— 4^ V N  - 1,  in  fig.  255. 

pig^  254.  ^S'  ^^  represents  tiie  gene- 

ral design  of  a  Warren  girder 
suited  for  supporting  a  platform  above  it,  at  the  points  marked 
with  the  even  numbers,  2,  4,  6,  &c.  (as  in  the  Cromlin  "Viaduct, 
fig.  228,  p.  494).  Fig.  255  represents  the  general  design  of  & 
Warren  girder  suited  for  supporting  a  series  of  cross-joists  belov 
it,  hung  from  all  the  joints,  1,  2,  3,  4,  5,  6,  &c.,  N  —  1. 

The  actions  of  the  load  on  this  girder  are  computed  by  the 
method  already  explained  in  Article  160,  pp.  230  to  243,  as  ap- 
plied to  a  beam  loaded  at  detached  points.     When  every  joint  is 


>f-^ 


equally  loaded  (as  in  fig.  255),  the  formula  for  the  bending  moment 
at  any  cross-section  is  that  of  Article  161,  Case  YHI.,  p.  247.  In 
computing  the  shearing  force,  regard  muist  be  had  to  the  action  of 
a  travelling  load,  as  explained  in  Article  161,  Case  IX.,  ppi  247| 
248. 

The  most  convenient  method  of  computing  the  stress  on  each 
piece  of  a  Warren  girder  is  by  means  of  a  series  of  additions  and 
subtractions,  genend  formul»  being  only  used  to  check  the  ac- 
curacy of  the  results. 

The  first  step  is  to  number  all  the  joints  of  the  girder,  as  in  the 
figures,  designating  one  of  the  points  of  support  as  0,  and  the 
other  as  N;  N  being  the  number  (always  even)  of  equal  horizontal 
divisions  into  which  those  joints  divide  the  span.  Let  n  denote 
the  number  affixed  to  any  particular  joint;  • 

/,  the  span  of  the  girder; 

k,  its  depth,  from  centre  to  centre  of  the  hcnizontal  booms; 

8,  the  length  of  each  diagonal  brace; 

F«,  the  shearing  action  at  a  cross-section  between  the  joiats  a 
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and  n+ 1;  ikoB,  F^  is  the  ahearing  addon  between  0  and  1; 

Fj,  between  1  and  2,  dlE;c. 

TT^,  the  pnll  or  thrust,  as  the  case  may  be,  upon  that  piece  of  a 

horizontal  boom  which  lies  between  ike  joints  n  - 1  and  n  +  1 ; 

that  is,  opposite  the  joint  n;  for  example,  H|  is  the  tension  on 

O  2  in  %.  255,  or  the  thrust  on  0  2  in  fig.  254;  H,  is  the  thrust 

on  1  3  in  fig.  255,  or  the  tension  on  1  3  in  fig.  254;  and  so  on. 

The  most  severe  bending  action  at  each  cross-section  takes  place 

when  the  girder  is  loaded  over  the  whole  span ;  the  most  severe 

fibeariug  action  at  any  given  cross-section,  when  die  laiiger  segment 

of  the   span  is  loaded  and  the  shorter  unloaded;  therefore  the 

former  supposition  must  be  made  in  computing  the  stress  on  the 

horizontal  booms,  and  the  latter  in  computing  the  stress  on  the 

diagonal  braces. 

Two  cases  may  be  distinguished;  that  of  fig.  255,  in  which  the 
load  is  applied  at  every  joint,  and  that  of  fig.  254,  in  which  the 
load  is  applied  at  the  joints  marked  with  even  numbers  only. 
The  former,  though  the  more  complex  in  construction,  is  the 
simpler  in  calculation,  and  is  therefore  taken  first 

Case  L — Each  joint  loaded.  Let  the  fixed  part  of  the  load  on 
each  joint  be  to,  the  rolling  part  «/;  so  .that 

W  =  (u7+w)(N-l), (4.) 

is  the  f idl  load  of  the  girder. 

To  find  the  HoriaoTUal  Stresses. 

Compute  the  supporting  pressure  (Fq)  at  each  of  the  points  0 
and  N  by  taking  half  the  full  load;  that  is  to  say, 

Fo  =  y=(«'  +  «0-2-- ^^-^ 

Then  compute  the  first  term,  and  by  successive  subtractions  of 

the  quantity  ^^-r  {fo  +  «/),  all  the  other  terms,  of  the  following  series, 

which  is  that  of  the  shearing  actions,  each  multiplied  by  the  ratio 
of  the  length  of  one  horizontal  division  of  the  span  to  the  depth  of 
the  girder. 

V 

N*^i=N*^»*N*<'"-'"'')'  \ (6.) 

dec.  =&a 


:n; 
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Thai  the  aeiieB  of  horiioiital  rtreMes  on  tke  mfveal  ^SmmoDs 

of  the  booms  are  to  be  computed  by 
follows: — 


^^^i^Ni^i'' 


.(7.) 


The  test  of  the  aocaracy  of  this  series  of  calcoIationB  is,  that  for 
the  middle  horizontal  pieoe,  whose  number  is  N  ->-  2,  it  should  gi^ea 
result  agreeing  wiUi  that  of  the  foUowing  formula : — 

H«=^(«+«0- (a) 

This  is  the  maximum  value  of  H,  which  has  eqpsl  values  for 
pieces  equally  distant  from  the  middle  piece. 

The  value  of  H  for  any  particular  piece  whose  number  is  s»  may 
be  tested,  if  required,  by  the  following  formula : — 


Tx        ^    /         ^  n(N— n) 


.(9.) 


Tofind  ihs  Diok^onal  Sireuea  due  to  theJuoedpaH  of  the  Load 

Let  the  stress  produced  by  the  fixed  part  of  the  load  on  the 
diagonal  brace  which  lies  between  the  joints  n  and  n  -i- 1  be 
denoted  by  T^  This  will  be  a  pull  or  a  thrust  alternately,  ac- 
cording as  the  brace  in  question  slopes  downwards  or  upwards 
towarcU  the  middle  of  the  span.  The  values  of  this  stress  are 
computed  by  a  series  of  subtractions  of  the  constant  difierenoe 

-r-  as  follows : — 

1 


^0-  k       2 


Ti  =  T, 


«        -,        8  to 


.(10.) 
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and  the  aoouracy  <^  the  calcolatioiis  is  tested  hj  the  rule,  that  for 
the  braces  adjoining  the  middle  joint  of  the  girder,  the  result 
should  hesw-r2  k. 

To  find  the  DiagoTial  Stresses  due  to  the  rMing  part  of  the  Load, 

These   stresses  are  proportional  to  the  series  of  <' triangular 

Bumbers,"  0,  1,  3,  6,  10,  kc.^  which  result  from  the  suooessiye  ad*- 

dition  of  the  natural  numbers,  1,  2,  3,  4,  &g.  ;  and  thej  are  to  be 

oompnted  as  follows: — By  suooessiye  additions  of  the  common 

8  %d 
difference  ^^-p  form  the  following  arithmetical  series,  containing 

N  — 1  terms, 


s  ti/ 


;i!^.4c       (^■^)^<      an 


the  accuracy  of  the  additions  being  tested  by  the  direct  computation 
of  the  last  term  of  the  seriea  Then  compute  the  following  series 
of  N  stresses,  by  beginning  with  0,  and  adding  successively  the 
terms  of  the  preceding  series; 


.(12.) 


So-0; 

<kc.  =  dcc. 

and  test  the  accuracy  of  the  calculation  by  the  direct  computation 
of  the  last  term,  viz. ; — 

_{^^\)syi 
"-'■"      Tk — • ^^'' 

Kvide  this  series  of  N  terms  into  two  halves,  and  range  the 
terms  of  the  second  half  beside  those  of  the  first  half  in  inverted 
order;  thus 

So  Sir- 1 

Si  Sw-8 

82  Sk_, 


S. 
<fec. 


Sif_»_i 


.(14.) 
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Then  for  any  given  diagonal,  whose  number  is  n  (that  is,  wbix^ 
lies  between  the  joints  n  and  n  +  1),  the  qnantitycorrespondingtotbit 
number  in  the  first  column  (Sy,)  will  be  the  greatest  stress  prodaced 
by  the  rolling  load,  of  the  contrary  kind  (thrust  or  pnll),  to  that  pnh 
duced  bj  the  fixed  load;  and  the  quantity  in  the  same  line  of  the 
second  column  (Sy...  i)  will  be  the  greatest  stress  produced  bj  the 
rolling  load,  of  the  same  kind  with  t^t  produced  by  the  fixed  load. 

To  find  the  greated  remdtanl  Stress  on  each  Diagonal  BraoL 
(1.)  For  the  braces  which  slope  upwards  towards  the  middle  of 
the  span,  take  the  sum  of  the  stress  due  to  the  fixed  load,  and  the 
greatest  stress  of  the  same  kind  due  to  the  rolling  load,  as  expressed 
by  the  formula, 

'c+s,_._.j a^) 

the  result  will  be  the  most  severe  stress,  and  will  be  a  tkrfUL 

(2.)  For  the  braces  which  slope  downwards  towards  the  middle 
of  the  span,  make  the  same  calculation;  the  result  will  be  the 
greatest  stress^  and  will  be  tension. 

But  when  a  piece  of  wrought  iron  is  exposed  alternately  to 
tension  and  thrust,  the  thrust,  although  less  than  the  tension,  tosj 
be  more  severe^  on  account  of  the  sm^er  capacity  of  the  material 
for  resbting  it  To  ascertain  whether  this  is  the  case  for  any  parti- 
cular brace  sloping  downwards  towards  the  middle  of  the  span, 
compare  the  tension  produced  by  the  fixed  load  (TJ  with  tk 
greatest  thrust  produced  by  the  rolling  load  (S^.);  and  if  the  latter  is 
the  greater,  the  excess 

S.-T« (16.) 

will  be  the  greatest  thrust  to  be  borne  by  the  brace  in  questioiL 

Cabe  IL — The  joints  marked  with  even  numbers  loaded,  the  ot^ 
unloaded    In  this  case  the  full  load  is  expressed  as  follows :— 


W=(«+«0-(f-l) (17) 


To  find  the  Horizontal  Stresses 
compute  the  supporting  pressure  at  the  point  0  as  follows : — 


Fqs  o-=(w  +  tt/)  •  f  y  -  ^J (18.) 


Then  compute  the  following  series,  of  which  the  terms  are  equal 
by  pairs,  each  pair  being  less  than  ^e  preceding  by  the  difierence 
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Wk ^« =F*  *■«  =N* ^1" STfc ^"'"^*^'       f  ....(19.) 

&C.,  &0.y  Ac. 

The  test  of  the  accnracyof  these  calculations  is^  that  for  the  division 
adjoining  the  middle  joint,  the  result  should  be  as  follows : — 

K  the  middle  joint  is  loaded ;  that  is,  if  ^  is  even,  — ^  ; 

.    .  N 
If  the  middle  joint  is  unloaded ;  that  is,  if  -^  is  odd ;  0. 

The  series  of  horizontal  stresses  are  computed  by  suocessive  ad- 
ditions, precisely  as  in  Case  I.,  yiz. : — 

^i=if*^«'  ^=^i->-wk^^''  *°- ^^^ 

The  test  of  the  accui'acy  of  this  series  of  calculations  is,  that  for 
the  middle  hori^ntal  piece  it  should  fj;iye  a  result  agreeing  with 
that  of  one  or  other  of  the  following  formulie : — 

If  N  -T-  2  is  even, 

^rni^"'**^' (2^> 

IfN+2Modd, 


^r^w^^<'"+«^ w 


To  find  the  Dioffoncd  Stresses, 

the  calculations  are  the  same  as  in  Case  I.,  with  the  following 

modifications : — 

N 
Throughout  all  the  calculations,  -^  is  to  be  substituted  for  N;  that 

N 
is  to  say,  the  girder  is  to  be  treated  as  having  ^  instead  of  N  divisions. 

Each  of  the  series  (10),  (12),  has  ^  instead  of  N  terms. 

The  series  (11)  has -^—1  insteadof  N— 1  terma 

If  K-f-2  is  odd,  there  will  be  a  middle  term  in  the  series  (12); 
and  when  the  second  half  of  the  series  is  ranged  in  inverted  order 
beside  the  first  half,  as  in  the  table  (14),  that  middle  term  is  to  be 
written  at  the  bottom  of  each  oolunm. 
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Each  of  the  results  denoted  by  T  and  S  in  the  series  (10)  and 
(14^,  and  by  their  sums  and  differences  in  the  fonnnls  15  and  16, 
applies  to  a  pair  of  adjacent  diagonal  braces,  one  sloping  npvanb 
and  the  other  downwards  towards  the  middle  of  the  span.     Tims 

Tf^  S^  ^5.i>  ^Pply  ^  ^®  braces  0  and  1 ; 

t 

Tp  SpSir_,,  „        „  „     2  and  3; 

a 

and  generally, 
T^  Sm  Sh  .i^plytothebnces2f»a]id2n4-L 

The  ordinary  angle  of  inclination  of  the  Inraoes  in  the  Warren 
girder  is  60^;  in  which  case  some  labour  of  calculation  is  sared  by 
the  &ct  that  the  length  of  a  brace,  s,  is  equal  to  the  distance  from 
joint  to  joint  along  one  of  the  booms,  21-7-1^, 

EzAMPLB  of  Case  II. — Suppose  the  design  of  the  girder  td  be  as  in 
fig.  254,  and  to  consist  of  17  equilateral  trianglesy  so  that  N  ==  18  j 

^  =  -L  =  .m35;|=l-m7; 

also  let  the  loads  on  each  of  the  points  2,  4,  B,  8,  10,  12,  14,  16,  be 
respectiTely  ♦ 

fixed,  tor,  12,000  lbs. 

rolling,  u/  =  1 8,000  lbs. 

This  is  nearly  the  case  for  a  railway  bridge  girder  of  160  feet  span, 
supporting  half  the  load  of  a  line  of  reals.     The  supporting  pressure  is 

Fo=(w  +  «/)  •  (J -1)  =  120,000  lbs. 

The  following  table  shows  the  calculation  of  the  horizontal 
stresses:— 

Lbs.  Lbs.  Lbs. 

0,l8  69282*0 

^       ^^       1,17  69282-0        69282*0  thrust 

^73205      a^,5  Si9<5i-5  1385640  pnU 

i'rQ2o-<  3,^5  51961-5  190525-5*^^8* 

'  4>i4  3464i'o  242487*0  pull 

i7q2o-<  5'^3  34641-0  277128-0  thrust 

***     ^  6,12  17320-5  311769*0  pull 

i^^2o-r:  7'"  ^7320*6  329089*5  thrust 

^73^05  g^^^  ^  346410*0  puU 

9  o  3464iox:>  thrust  (Middle  piece) 
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The  verification  of  the  last  result  is, 

H^ = ^6  jrl~  (w'  +  *«0  =  20  X  17320-5  =  346410. 

The  following  are  the  calculationa  of  the  stressea  on  the  braoes, 
due  to  the  fixed  load : — 

To  =  ?^  (?  -  g)  =  13856-4  X  4  =  55425-6 


8%0 

T 

n,  for  braces  to  which  the 

"A" 

results  are  applicable  as 

Lbt. 

Lbt. 

Thrust.              Pull. 

55425-6 

I,t6              0,17 

13856-4 

4i569'3 

3,14              2,15 

^3856-4 

^7713.8 

5,"             4,13 

13856-4 

13856-4 

7,10             6,11 

13856-4 

8,9 

The  following  table  shows  the  calculation  of  the  gi-eatest  stresses 
produced  hy  the  rolling  load : — 


2«u/ 

s 

n,  for  braces  to  which  the 

Nk 

results  are  applicable  as 

Lbs. 

Lbs. 

Lbs. 

Thrast             PnlL 

0 

0,17              1,16 

2309-4 

2309-4 

4618-8 

2309-4 

2,15             3»I4 

2309-4 

6928-2 

6928-2 

4,13             5»I2 

2309-4 

92376 

13856-4 

6,11             7,10 

2309-4 

11547-0 

23094-0 

8,9               9,8 

2309-4 

13856-4 

34641-0 

10,7             11,6 

2309-4 

16165-8 

48497-4 

12,5             13,4 

23094 

18475-2 

64663-2 

14,3             15,2 

83138-4 

16,1             17,0 
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The  verification  of  the  accuracy  of  the  additions  is  given  by  tlie 
following  calculation : — 


'-l^(!-D 


:  20784-6x4  =  831384. 


The  following  table  shows  the  combined  actions  of  ihe  fixed  and 
rolling  loads  on  the  braces;  S'  denoting,  for  brevity's  sake,  the 
smaller  value  of  S  for  the  given  brace.  Thrusts  are  denoted  by  t, 
pulls  by  p :— 


n 

T 

S 

ff 

T  +  S 

S'-T 

Lbi. 

Lbs. 

Lb«. 

Lbs. 

Lbs, 

0,17 

55435-6  p 

831384  P 

0  t 

138564-0  P 

1,16 

554256  t 

83x38-4  < 

0      p 

138564-0  t 

2,15 

415692  p 

64663-2  p 

3309-4  < 

106232*4  p 

3,14 

41569a  t 

64663*2  t 

23094  p 

106232-4  t 

4,13 

a77i2'8p 

484974  p 

69282  t 

76210*2  p 

5," 

27712-8  t 

48497-4  « 

6928*2  p 

76210-2  t 

6,11 

13856-4  P 

34641-0  p 

13856-4  ^ 

48497-4? 

0 

7,to 

13856-4  i 

34641  "O^ 

138564  P 

48497-4  t 

0 

8,9 

0 

33094-0  p 

23094-0  t 

23094-0  p 

23094-0  L 

The  accuracy  of  the  numbers  in  the  columns  headed  T  +  S  and 
S'  ~  T  may  be  checked  by  setting  down  the  former  in  direct  order, 
and  the  latter  in  inverted  order,  and  taking  their  second  difierences, 
which  ought  to  be  constant,  and  equal  to  2  8v/-7-N  k;  that  is,  in 
the  present  case,  2309*4.     The  following  is  the  process : — 


FintDiC 

SeoGodDiC 

138564-0 

323316 

106232*4 

30022*2 

23094 

76210-2 

27712*8 

23094 

48497-4 

23094 

23094-0 


25403-4 
23094*0 


2309*4 


It  appears  from  the  values  of  S'-T  that  in  the  example  choBen 
the  two  middle  braces  alone  act  alternately  as  struts  and  ties  under 
a  rolling  load. 

It  is  unnecessaiy  to  g^ve  a  numerical  example  of  the  calculations 
in  Case  L ;  for  they  £ffer  from  those  in  C^  IL  only  in  being 
more  simple. 

IT.  An  Iron  LatHce  Girder  consists  essentially  of  a  pair  of 
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horizontal  booms  to  reaist  the  bending  action  of  the  load,  and  of 
two  series  of  diagonal  braces,  inclined  opposite  ways,  usually  at  45% 
to  resist  the  shearing  action.  There  may  also  be  upright  ribs,  one 
at  each  loaded  point,  and  one  or  more  at  each  point  of  sapport,  to 
distribute  the  load  and  the  supporting  pressures  amongst  the 
diagonal  braces.  Although  these  upright  pieces  are  not  alraolutely 
essential,  except  at  the  points  of  support,  it  is  advisable  not  to  omit 
them.  Their  strength  is  to  be  fixed  according  to  the  same  prin- 
ciples with  that  of  the  upright  ribs  of  plate  girders;  Article  370, 
Division  VL,  p.  530. 

To  compute  the  stresses  on  the  pieces  of  a  lattice  girder,  one  of 
its  points  of  support  is  to  be  designated  as  0  and  the  other  as  N, 
(N  being  the  number  of  divisions  into  which  the  loaded  points 
divide  it);  and  the  loaded  points  are  to  be  numbered  consecutively 
from  1  to  N-1. 

In  computations  respecting  the  Aearing  action  of  the  load,  F^  is 
to  designate  the  shearing  action  in  the  division  of  the  girder 
between  0  and  1,  F«  between  1  and  2,  <kc.,  and,  generally,  F« 
between  n  and  n  + 1 ;  but  in  computations  respecting  the  hori- 
zontal stresses,  which  depend  on  the  bending  action,  H^  is  to  denote 
the  stress  on  the  booms  at  a  vertical  section  traversing  the  point  1, 

This  being  understood,  the  calculation  of  the  thrusts  and  pulls  on 
the  horizontal  booms  is  to  be  proceeded  with  precisely  as  for  Case 
L  of  a  zig-zag  girder;  formulae  5  to  9,  pp.  551,  552. 

To  find  the  stress  on  the  lattice  work,  compute  the  two  series  of 
quantities  T,  +  Sj,...„  8,  -  T^  for  the  several  divisions  of  the 
girder,  as  for  a  zig-zag  girder.  Case  L,  formulie  10  to  16,  pp.  552  to 
554,  and  assume  each  of  those  forces  to  be  equally  distributed  amongst 
the  lattice  bars  that  traverse  the  division  of  the  girder  to  which  it 
belongs.  This  assumption  of  equal  distribution  is  not  exact;  but 
its  errors  are  not  of  practical  importance. 

If  the  loaded  points  are  numerous  and  near  each  other,  the 
girder  may  be  treated  as  an  uniformly  loaded  beam,  Article  161, 
Oaae  VL,  p.  246;  and  Case  IX.,  p.  247. 

V.  Zig-zag  cmd  Lattice  CovJtinuoua  Oirden, — ^In  both  these 
classes  of  girders  the  effect  of  continuity  over  the  piers  may  be 
computed  as  follows : — 

Calculate  the  horizontal  stress  on  each  division  of  the  girder, 
when  fully  loaded,  on  the  supposition  that  it  is  disoontmuous  at  the 
piers;  and  let  H»  be  tJie  result  thus  obtained  for  the  middle 
horizontal  bar.    Then 
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will  be  the  tenrian  on  the  tipper  boom,  and  ihrtui  en  ike  lower  boom 
of  ft  oontinuouB  girder,  over  the  piers,  when  its  spans  are  altemalelj 
loaded  and  unloaded;  and  the  d^erenee  between  this  and  the 
stresB  H«  already  calculated  for  any  given  bar  of  the  girder  sap- 
posed  discontinuous,  will  be  the  stress  on  that  bar  when  the  girder 
is  continuous  and  loaded  on  alternate  spans;  that  is  to  say, 

H.-H^ (34.) 

When  this  expression  is  n^;ative  (that  is,  when  H,  is  the  greater 
term),  the  kind  of  stress  is  reversed.  When  it  is  ~  0,  it  indicates 
a  point  of  contrary  flexure. 

378.  Mvmm  Braced  CMWiw  cij—n  ■€•!—. — I.  General  Remarh. 
Various  iron  trusses  or  braced  girders  have  been  made,  in  which 
the  struts  are  of  cast  iron  and  the  ties  of  wrought  iron,  advantage 
being  thus  taken  of  the  greater  resistance  of  cast  iron  to  cmahing 
and  of  wrought  iron  to  tearing;  but  the  greater  pliability  and 
brittleness  of  cast  iron,  and  the  rapid  diminution  of  its  resistance 
to  crushing  as  the  proportion  of  length  to  diameter  increases  (as  to 
which  see  Article  366,  p.  521),  have  led  to  the  genial  employment 
of  wrought  iron  for  the  struts  as  well  as  for  the  ties,  care  being 
taken  that  the  struts  are  of  figui'es  suited  to  resist  a  thrust,  by  having 
sufficient  lateral  stiffness.  When  a  piece  acts  alternately  as  a  stnit 
and  as  a  tie,  it  must  have  sufficient  total  sectional  area,  and 
sufficient  stifihess,  to  resist  the  greatest  thrust  that  can  act  akmg  it  ; 
and  at  the  same  time  its  effective  sectional  area,  deducting  rivet- 
holes,  must  be  sufficient  to  resist  the  greatest  tension  which  can 
act  along  it.  As  to  the  figures,  construction,  and  mode  of  con- 
nection, of  iron  ties  and  struts,  see  Ai*ticle8  364,  36o,  and  366, 
pp.  518  to  524;  and  as  to  the  fastenings  by  which  they  are  con- 
nected together,  see  Articles  360  to  362,  pp.  515  to  517. 

IL  The  Trapezoidal  Trtiee^  already  treated  of  in  the  preceding 
Article,  p.  549,  and  represented  in  fig.  253,  was  used  on  an 
enormously  large  scale  by  the  second  Brunei  in  the  railway  viaduct 
over  the  Wye  at  Chepstow,  the  lai^gest  span  of  which,  of  about 
300  feet,  is  crossed  by  two  pai-allel  and  similar  girdei^  of  the 
following  construction : — The  horizontal  strut  B  B  B  is  a  cylindrical 
plate  iron  tube  9  feet  in  diameter,  and  gths  of  an  inch  thick,  stif- 
fened by  ti'ansverse  circular  partitions  or  "diaphragms"  at  in- 
tervals. It  is  supported  at  the  ends  upon  cast  iron  saddles,  resting 
on  cast  iron  pillars.  The  effective  depth  of  the  truss,  denoted  hj  k 
in  the  formulae,  is  about  50  feet.  Each  of  the  principal  ties, 
A,  F,  0,  and  of  the  diagonal  braces,  G,  G,  consists  of  a  pair  of  &it- 
linked  chains,  attached  to  the  sides  of  the  tube,  and  suffidentlj  far 
apart  at  the  level  of  the  bottom  of  the  truss  to  leave  room  for  ihe 
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trafBo  on  a  line  of  raUs  between  them.  The  vertical  struts  K,  K, 
are  rectangular  framee  with  openings  sufficient  for  the  same  traffic. 
The  points  1  and  4  form  the  intermediate  supports  of  a  pair  of 
ordinary  plate  iron  girders,  whose  ends  rest  on  the  piers;  so  that 
for  those  girders  the  span  of  305  feet  is  subdivided  bj  the  aid 
of  the  truss  into  three  spans;  the  central  span  being  124  feet, 
and  the  side  spans  each  90^  feet.  Below  the  four  plate  girders^ 
thus  hung  from  the  two  great  trusses,  are  attached  the  cross 
joists  of  ^e  roadway.  The  two  tubes  are  braced  together  hori- 
zontally to  increase  their  lateral  stiffiiess. ' 

The  total  fixed  load  of  this  structureybr  one  line  o/raUe  is  about 
\\  tons  per  lineal  foot,  or  3,360  lbs.  The  greatest  rolling  load  may 
be  taJken,  as  is  usual  in  railway  bridges,  at  one  to;n  per  foot,  or 
2,240  lb& 

The  following  are  the  proportions  per  cent,  in  which  the  fixed 
load  is  distributed : — 

Effectiye  section  of  tube, 20  per  cent 

Other  parts  and  appendages  of  tube, ...  15  „ 

Main  chains, 23  „ 

Diagonal  chains, 5  j. 

Upright  frames,  saddles,  &c, 9  „ 

Plate  girders,  joists,  and  roadway, _28  „ 

100 

With  the  fixed  and  rolling  loads  above-mentioned,  the  thrust 
along  the  tube  is  about  3,600 lbs.  per  square  inch  of  section;  so 
that  the  fisu^r  of  safety  is  considerably  more  than  six  for  both 
fixed  and  rolling  loads. 

IIL  Weurren  or  Zig-zag  Oirders, — In  the  earlier  examples  of 
these  girders,  the  upper  horizontal  strut  or  boom  was  a  tube, 
cylindrical  inside,  and  on  the  outside  resembling  a  cylinder  with 
four  flat  projections  above,  below,  and  at  each  side,  for  the  con- 
venience of  attaching  the  diagonals  to  it  The  strut  braces  were  of 
cast  iron,  and  cross-shaped.  In  later  examples  the  upper  boom  and 
strut  braces  are  made  of  wrought  iron;  the  upper  boom  being 
either  like  a  trough-shaped  girder  buUt  of  flat  bars  and  angle  iron, 
with  the  flanges  downwards,  or  like  a  box-beam,  and  the  strut- 
^>races  H-sha{)ed,  or  cross-shaped,  as  shown  in  fig.  235,  p.  521. 
The  main  tie  or  lower  boom,  and  the  tie-braces,  conpist  of  flat  links 
set  on  edge ;  as  to  which,  see  Article  364,  Divisions  II.  and  III.,  pp. 
518,  519.  The  joints  of  the  lower  boom,  and  its  connections  with 
the  braces,  are  made  by  means  of  large  cylindrical  pin&  Such  pins 
&^  connect  the  braces  with  the  upper  boom,  whose  side  plates  or 
^^^x^  form  a  channel  into  which  the  ends  of  the  braces  enter  and 
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fit  The  joints  of  the  horiaontal  tie  maj  also  be  made  by  fiahuig: 
and  rivetting.  The  whole  stmcture  has  the  advantage  of  hwn^ 
eaailj  carried  in  pieces  to  its  intended  site,  and  there  put  togetbs^ 

If  the  platform  is  hung  below  the  girders,  lateral  stability  i^  to 
be  given  to  them  by  making  the  vertical  suspending-pieces,  wheiebj 
the  cross  joists  are  hung  from  the  higher  joints  of  the  girdere,  of  an 
I-shaped  form  of  section,  and  equal,  or  nearly  equal  in  stifihes,  to 
the  platform  joists.  When  the  platform  is  supported  above  the 
girder,  lateral  stiffness  is  to  be  given  by  the  horizontal  diagonal 
bracing  of  the  platform,  and  also  by  vertical  transverse  disgonal 
bracing  between  the  girders;  and  for  this  purpose  rods  of  from  1 
inch  to  1^  inch  in  diameter  are  in  general  suflELcient.  (For  detslk 
of  various  Warren  girders,  see  Humber  On  Iron  Bridget) 

From  the  manner  in  which  the  parts  of  a  zig-zsg  girder  are  cant 
nected  together,  it  is  evident  that  its  diagonal  strut-braces,  and  the 
several  divisions  of  its  horizontal  boom,  are  to  be  treated  as  j^^ 
hinged  at  the  ends.     (See  Article  366,  p.  523.) 

IV.  Lattice  Girden, — ^The  forms  and  modes  of  oonstruction  ap- 
plicable to  the  upper  and  lower  booms  of  the  Warren  girder  aiv 
also  applicable  to  those  of  the  lattice  girder.  The  diagonal  strut- 
braces  are  made  of  any  convenient  shape  that  is  well  suited  t«j 
resist  thrust;  their  greatest  breadth  should  be  placed  (ransvendy. 
because  in  the  longitudinal  plane  of  the  girder,  they  are  stiffened 
by  being  bolted  or  rivetted  to  the  tie-braces  at  each  intersection, 
llie  holes  made  for  that  purpose  weaken  the  tie-braces,  and  an? 
to  be  allowed  for  in  computing  their  strength.  In  the  Bojb^ 
Viaduct,  the  strut  diagonals  of  the  lattice  girders  are  themseiye^ 
formed  like  small  lattice  beams,  consisting  of  a  pair  of  T-iron  nb> 
connected  together  by  small  diagonal  braces. 

379.  iMH  ii*wairiBg  Girden. — The  most  common  kind  of  rr(^ 
bowstring  girder  (fig.  256)  consists  of  a  cast  or  wrought  iron  wt* 
or  bow,  springing  from*  two  shoes  or  sockets,  which  are  tied 


Fig.  256. 


together  by  a  horizontal  tie ;  the  cross  joists  of  the  platfonn  ar^ 
suspended  from  the  arch  by  vertical  suspending-pieces,  which  fX. 
the  same  time  support  the  weight  of  the  tie ;  and  stifihess  to  resu^ 
a  rolling  load  is  given  by  means  of  diagonal  tie-braoes. 

The  proper  figure  for  the  centre  line  or  neutral  curve  of  the  bo* 
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is  a  parabola;  but  a  circular  segment  is  often  used  in  practice. 
The  cross-section  of  the  bow,  like  that  of  the  upper  boom  of  a  lattice 
girder,  must  be  of  a  form  suited  for  resisting  thrust  A  cylindrical 
tube  is  the  strongest  form ;  an  inverted  trough-shape,  either  cast,  or 
biiilt  of  plates  and  angle  bars,  is  convenient  for  the  attachment  of 
the  suspending-pieces.  These  have  usually  an  I-shaped  section, 
-with  the  greatest  breadth  transverse,  to  give  them  lateral  stability ; 
and  for  the  same  purpose  they  widen  towards  the  bottom,  where 
they  are  rivetted  to  the  ends  of  the  plate  or  box  beams  that  form 
the  cross  joists.  The  main  tie  is  best  made  of  parallel  flat  bars  on 
edge,  and  is  made  fast  to  the  shoes  at  each  end  by  gibs  and  cotters ; 
the  diagonal  braces  are  round  or  flat  rod&  llie  stress  on  each 
X)art  is  found  as  follows : — 

Case  I. — The  girder  stiflened  by  diagonal  braces. 

Let  I  be  the  span,  measured  along  the  centre  line  of  the  main  tie, 
between  the  ends  of  the  centre  line  of  the  bow ; 
k,  the  rise  from  centre  line  to  centre  line ; 
w.  the  fixed  load,  and  )  -x    n     ^v.    e 

J.  the  roUing  loltd,      }  ^  ">"*  «^  '^"^  "^  ^»- 

Then  the  tension  of  the  main  tie,  and  the  horizontal  thrust  at 
the  crown  of  the  bow,  are  given  very  nearly  by  the  formula 

H  =  (M7  +  w')Z«-8ifc. (1.) 

The  thrust  at  any  other  point  of  the  arch  varies  nearly  as  the 
secant  of  its  inclination;  or,  to  express  it  in  symbols,  let  x  be  the 
horizontal  distance  of  the  point  in  question  from  the  middle  of  the 
span;  then  the  thrust  is, 

V{H2  +  (M;  +  «/)2a2} (2.) 

At  the  springing,  for  x  put  I -^2. 

Let  N  be  the  number  of  parts  into  which  the  vertical  pieces 
divide  the  span,  so  that  there  are  N  -  1  of  those  pieces;  the 
greatest  tension  on  any  one  of  them  is  nearly 

H      ' ^  ^^ 

w"  being  the  fixed  or  dead  load  per  unit  of  length,  exclusive  of  the 
weight  of  the  bow. 

It  is  possible  that  when  the  girder  is  partially  loaded  with  a 
travelling  load,  some  of  the  upright  pieces,  which,  with  a  uniform 
load,  act  as  ties,  may  be  made  to  act  as  struts.  To  find  whether 
this  is  the  case^  number  the  uprights  from  one  end  of  the  girder; 
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lei  n  be  the  number  of  any  given  upright;  oompnte  the  valae  of  the 
exprefluon 

s{^'W-^> w 

if  this  is  positive,  it  gives- the  greatest  thrust  on  the  upright  in 
question;  if  null  or  negative,  it  shows  that  the  upright  never  acts 
as  a  strut 

The  greatest  tension  produced  by  a  rolling  load  on  any  given 
diagonal  brace  is  given  by  the  expression, 

v/  la    n  (n4  1) 

~y"'     2N»    ' 


.(5.) 


where  $  is  the  length  of  the  given  brace,  y  the  difference  of  level  of 
its  ends,  and  n  and  n  +  1  ihe  numbers  of  the  uprights  between 
which  it  is  placed 

Case  II. — The  girder  without  diagonal  braces.  In  this  case 
the  action  of  a  rolling  load  must  be  resisted  by  the  stiffiaeBs  of 
the  bow.  The  greatest  stresses  on  the  tie  and  on  the  suspending- 
pieces  are  given  by  the  expressions  (1)  and  (3)  respectively;  but  tbe 
bow  becomes  virtually  an  arched  rU>  hinged  <U  the  ends,  as  to  which 
see  Article  374,  Case  III.,  p.  540,  and  Article  180,  Problem  YI, 
pp.  310  to  312.  In  computing  the  quantity  C  by  equation  51  of 
the  last-mentioned  Article,  p.  310,  the  effect  of  change  of  tenqper- 
ature  is  not  to  be  considered,  because  the  bow  and  tie  expand 
equally;  and  the  term  denoted  by  a  £  A^  ^  Hn  that  equation  is  to 
be  replaced  by  u.-m^,  denoting  the  ratio  which  the  greatest  ssfe 
shortening  of  the  bow  bears  to  the  greatest  Bafe  lengthening  of  the 
tie.     If  they  are  both  of  wrought  iron,  this  may  be  assumed  as 

approximately  =  =. 

Case  Wl.—Bowgtring  Swpenswn  Bridge,— {E\g.  257.)    In  thia 
class  of  bridge,  of  which  the  greatest  example  is  that  erected  by  the 


Fig.  257. 

second  Brunei  over  the  Tamar  at  Saltash,  the  tie  hangs  in  a 
catenary  curve,  and  assists  the  bow  in  supporting  the  vertical 
pieces.  The  bow  is  a  wrought  iron  oval  tube  stiffened  by  tnuis- 
verse  diaphragms ;  the  tie  consists  of  a  pair  of  chains. 

In  fixing  the  proportions  of  a  bridge  of  this  kind,  it  is  advisable 
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to  make  the  horizontal  thrust  dae  to  the  weight  of  the  bow  balance 
the  horizontal  tension  due  to  the  weight  of  the  tie,  independently 
of  any  additional  load;  and  ibr  that  purpose,  the  common  hori- 
zontal chord  of  the  two  arcs  should  divide  the  greatest  vertical 
distance  between  their  lines  of  resistance,  A  C,  at  the  point  D, 
into  segments  proportional  to  their  weights;  that  is  to  say. 

Weight  of  bow  :  weight  of  tie  :  sum  of  weights 
::        AD        :        DC  :      AC  =  k. 

The  formulte  applicable  to  this  case  are  the  same  with  those  for 
Case  I.  or  Case  II.,  according  as  the  girder  is  enabled  to  resist  a 
travelling  load  by  means  of  diagonal  braces,  or  by  the  stiffness  of 
the  bow  alone. 

380.  Smccd  lr»«  Arches. — This  term  is  applied  to  arches  in 
whicdi  the  arched  rib  and  horizontal  rib  are  so  connected  together 
by  zig-zag  braces  (as  in  fig.  258),  or  by  lattice  work,  in  the  inter- 
vening spandril,  that  each  half-arch,  together  with  its  spandril, 
forms  one  stiff  frame  or  truss.  The  best  examples  of  this  kind  of 
arch  are  made  of  wrought  ii-on;  amongst  them  may  be  mentioned, 
the  railway  biidge  over  the  Theiss  at  Szegedin,  by  M.  Cezanne 
(Annales  dea  Fonts  et  Chauasied,  1859),  which  consists  of  eight 
arches  of  41*418  metres  in 
span  (135-88  feet),  and  the 
bridge  of  the  Paris  and  Creil 
railway  over  the  Canal  Saint- 
Denis,  by  M.  M.  Salle  and 
Maadon  (Armalea  des  Fonts  et 
ChauesSes,  1861),  consisting  of 
a  single  arch  of  dimensions 
which  will  presently  be  stated 
Each  of  those  structures  con-  Fig.  258. 

sists  of  four  parallel  frames, 

one  under  each  rail ;  each  frame  consists  of  a  curved  rib,  a  straight 
horizontal  rib,  and  a  zig-zag  series  of  braces,  alternately  vertical 
and  sloping ;  these  pieces  are  built  of  pUte  and  bar  iron,  rivetted 
together  so  that  the  whole  frame  acts  like  one  piece.  In  the  Theiss 
bridge,  all  the  pieces  are  I-shaped  in  section,  consisting  of  a  middle 
web  with  flanges  or  tables  connected  to  it  by  angle  irons  and 
rivets;  in  the  Paris  and  Creil  railway  bridge,  the  horizontal  rib  is 
I-shaped,  the  braces  are  cross-shaped,  and  the  curved  rib  consists  of 
a  vertical  web,  with  four  Barlow  rails  rivetted  to  it,  two  on  each 
side;  and  for  about  one-eighth  of  the  span  on  each  side  of  the  crown, 
the  horizontal  rib  and  curved  rib  have  no  opening  between  them, 
so  that  the  same  vertical  web  serves  for  both.  The  four  parallel 
frames  of  the  arch  are  stiffened  transversely  by  two  sets  of  T-shape^ 
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diagonal  stays,  one  connecting  the  horixontal  ribs  together,  and  tiie 
other  the  cnrved  ribs. 

It  has  already  been  stated  in  Article  374,  p.  540,  that  M. 
Mantion  proposes,  as  the  best  mode  of  constructing  an  iron  arch,  to 
have  hinges  at  the  crown  and  at  the  springing,  as  at  A  and  B,  fig, 
25S,  The  arches  of  the  Paris  and  Creil  railway  bridge  are  hinged 
at  the  springing,  but  continuous  at  the  crown;  thoae  of  ihe  Theiss 
bridge  are  continuous  at  the  crown,  and  have  flat  abutting  saAces 
at  the  springing ;  nevertheless,  from  the  smallness  of  those  surfaces 
as  compared  with  the  other  dimensions  of  the  arch,  it  is  probable 
that  the  arches  of  this  bridge  also  act  nearly  as  if  they  were  hinged 
at  the  springing. 

The  following  are  some  of  the  principal  dimensions  of  the  Paris 
and  Ci-eil  railway  bridge : — 

The  length  of  each  semi-arch  is  divided  into  ten  equal  divisions 
horizontally;  there  are  in  each*  spandril  eight  vertical  and  sax 
diagonal  braces ;  for  two  divisions  and  a-half  adjoining  the  crown 
there  are  no  braces,  the  curved  and  straight  ribs  having  one  web  in 
common. 

lUtm.  Feet. 

8pan  between  axis  of  beariogf, 44*^4^  I47'i4 

Rise, 485  15^1 

IxKbei 

Depth  of  carved  rib  (^apen  -^  66  nearly), 0-680  2677 

„     ofstraif^htrib, 0*300  ii*8f 

„     of  oombioed  rib  at  crown, 0705  2776 

„     of  braoee,  four  longest  at  each  end, 0*200  7*87 

„     of  braoee,  remainder, 0-150  5^91 

Breedth, ..)  of  T-shaped  tranirerM  braces  of  curved   /O'ljo  5*91 

Depth, t     ribs, \ot)8o  315 

Breadth, >  of  T-ehapedtransverMbracee  of  straight    (0*125  4*9^ 

Depth, /     ribs, 10*060  2*36 

Length, \  of  semi-cylindrical  bearings  for  ends  of   (0*302  il^ 

,f     curved  ribe, io*aoo 


Diameter, f     curved  ribe, io*aoo  7*87 

Length, 1  rr40  53*11 

Breadth, f  of  cast  iron  abatting-plate,  which  car-  ]  1x20  39*37 

[      ries  semicylindrieal  bearing, )  about  aboot 

Mean  thieknaes, J  l^-oSo  3-15 

AreesofCross.»etion.  Mi^S*  SSIS 

Combined  rib  at  crown, 59,400  92t>7 

Carved  rib  in  five  divisions  acyoining  the  crown, |*^™  77.65©    120*36 

^       **             ^            i     to  42,050  75''^ 

Curved  rib — ^Remainder, 35«950  5572 

Hori»)ntal  rib. /^  23.^  35^ 

^                                            i     to  9,700  15-04 

Braces, /^™  7,482  ii*6o 

^                                                                 •'•i     to  11,505  i7*8| 

Transverse  diagonal  suys, /^J"  ^^  4*^ 

•^                                            \     to  1,665  2-58 
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The  horizontal  ribs  perform  the  duty  of  beams  in  supporting 
cross  joists;  for  besides  the  joists  that  lie  directly  above  the 
uprights  of  the  spandril,  there  are  two  intermediate  joists  at  equal 
distances  resting  on  the  horizontal  ribs  in  each  space  between  a 
pair  of  upright& 

The  following  is  the  load  of  the  structure : — 


Total  for  Doable  Line. 
Kilogrammes.  LIml 


Lba.  per  Lineal 

l^>oCor 
Single  Une. 


Wnynght  Iron  framework, 125,000 

Dead  load  exclnsiye  of  iron  frame,  viz.: — 

Timber  platfbrm, 45«oco 

Ballast, 45,125  99^3 

Ki^ 6,875  15*157 

97,000 


ToUl  dead  load, . 
rreatest    working 
eetimated   at   4,000   Kilo- 


Greatest    working   live   load,  \ 


grammes  per  m^tre  of  single  j 
line,  on  90  metres, / 


Total  greatest  working  load, . 


275*578  936 

99*208  337 

52 
2i3»84& 727 

222,000      489*426    1,663 
360^000      793*663    2,697 

582,000     1.283,089    4.360 


The  following  are  the  methods  of  computing  the  stresses  on  the 
several  pieces  of  a  braced  iron  arch : — 

For  the  uprights  and  sloping  braces,  use  the  same  rules  as  for  the 
suspending-rods  and  diagonal  braces  of  a  bowstring  girder.  (See 
Article  379,  p.  563).     For  the  arch  proceed  as  follows : — 

Case  L — When  the  curch  is  hinged  both  <U  crown  and  apringing, 
the  most  severe  stress  on  the  arc  and 
on  the  horizontal  rib  are  determined  as 
follows,  with  an  approximation  suf- 
ficient for  practical  purposes  (see  fig. 
259):— 

Let  to  be  the  dead  load  per  lineal 

foot;  Pig.  269. 

ti/,  the  live  load  per  lineal  foot; 

c,  the  hcU/spsjiy  ?  of  the  centre  line  of  the  arched  rib  in 
k,  the  rise,  J      feet 

Then  the  horizontal  thrust  due  to  the  dead  load  is, 
and  to  a  live  load  over  the  whole  span, 


.(1.) 
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H,  =  ^^; (1) 

Mid  if  tliis  be  the  most  aeyere  way  of  loading  tlie  axdi,  tlie  rapdred 
Mctionai  area  at  any  given  point  of  the  uched  rib,  where  its  in- 
clination ia  ij  will  be, 

^^(HpfHOsec*. ^3^j 

y  being  the  9afe  working  thrust  on  the  material;  or  say  about 
6,000  lbs.  per  square  inch. 

To  asoertain  the  effect  upon  the  curved  and  straight  ribs^  of  load- 
ing one-half  of  the  arch  with  the  live  load,  and  leaving  the  rest 
uidoadedy  either  a  geometrical  or  an  algebraical  method  may  be 
followed.  For  the  geometrical  method,  let  A  B,  fig.  259,  be  the 
centre  line  of  the  curved  rib,  O  L  that  of  the  straight  rib;  join 
A  B  with  a  straight  chord.  Let  X  C  M  be  any  vertical  ordinate. 
Then  the  stress  fliong  the  horizontal  rib  at  X  is, 


2CX   ' 


.(4.) 


and  this  is  tension  when  X  is  in  the  unloaded  half  of  the  span,  and 
thrust  when  it  is  in  the  loaded  half 

The  horizontal  component  of  the  greatest  stress  arising  from  a 
rolling  load  on  half  the  span,  at  the  point  C  in  the  arched  rib, 
occurs  when  0  is  in  the  unloaded  half  of  the  rib,  and  is  as  follows : — 

2CX    ' ^^'^ 

and  should  this  prove  gr&zter  than  H^,  that  is  to  say,  should  M  X 
be  greater  than  2  C  X,  the  expression  (5)  is  to  be  substituted  for 
H^  in  equation  3 ;  but  should  M  X  be  not  greater  than  2  C  X, 
equation  3  is  to  be  left  unaltered. 

To  find  the  point  of  greatest  horizontal  stress  in  the  unloaded 
half  of  the  beam,  produce  the  straight  lines  L  O,  B  A,  till  they 
meet  in  N,  from  which  draw  N  C  touching  the  curve  A  C  B;  C 
will  be  the  point  sought. 

The  algebraical  formula  for  the  expressions  (4)  and  (5)  are  as 
follows : — 

LetO  A  =  a;  OX  =  aj;  then. 


2CX    ~    2(c»c2  +  Aa:2)-i 


.(4  a.) 
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H,'MX_H,(ac2  +  ^,^) 
2CX    *"  2(ac«  +  *aj2) ^^^^ 

The  -value  of  x  which  makes  the  last  expresedoii  a  maximum  is 
giyeu  by  the  equation 

0X'=«/=c{y|7|-|} (6.) 

It  is  to  be  observed  that  the  processes  expressed  by  the  formiilse 

4,  5,  4  A^  5  Ay  6,  are  applicable  only  to  the  openwork  parts  of  the 

frame.     Where  the  horizontal  rib  and  the  arched  rib  are  connected 

by  a  web,  so  as  to  form  virtually  one  rib,  that  rib  is  to  be  con- 

H 
ceived  to  be  under  the  combined  action  of  the  thrust  Hq  +  — -i' 

and  the  bending  moment 

^•^        2        ""  2<^    ^       ^*'' 

Let  h  be  the  depth  of  the  compound  rib,  and  q  a  co-efficient 
depending  on  its  form  of  section,  as  given  in  pp.  294,  295.  Then 
its  sectional  area  is  given  by  the  equation 


(8.) 


and  ifihia  area  is  greater  than  that  given  by  equation  3,  it  is  to  be 
adopted. 

Case  H. — When  the  rib  is  continuous  ai  tits  croumy  the  eocact 
determination  of  the  state  of  stress  at  different  points  becomes  a 
problem  of  almost  impracticable  complexity ;  but  an  approximate 
solution,  sufficient  to  determine  what  sectional  area  is  required  at 
and  near  the  cit>wn,  in  order  to  resist  the  straining  effects  of 
deflection,  yielding  of  the  piers,  and  changes  of  temperature,  may 
be  obtained  as  follows : — 

Ck)mpute  a  series  of  values  of  the  expression  q  m'  h\  as  explained 
in  Article  180,  p.  302,  equation  17,  for  a  series  of  equidistant  cross- 
sections  of  the  entire  iron  frame,  and  use  the  mean  of  all  those 
values  to  compute  the  quantity  C  by  the  following  formula : — 


in  which  a  is  the  enlargement  of  span  due  to  yielding  of  the  piers 
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per  lb.  of  thmst;  A|,  an  assnmed  approximate  sectional  aiea  of  tk 
curved  rib;   £,  the  modulus  of  elasticity;   r^z  <,  the  extreme 

I  fiiJ?  f  ^^  temperature ;  e,  the  co-efficient  of  expansion  per  degree 

(see  p.  539);  p^  the  intended  mean  intensity  of  thmst  at  tk 
crown. 

Then  calculate  a  moment  of  flexure  as  follows : — 

let  Hq  be  the  depth  of  the  rib  cU  Hts  crown,  and  qQ  the  ndne  d1 
for  the  same  point;  then  the  corrected  sectional  area  at  the  ctowb 
will  be, 


->(^r^+H.+H.)= 


/ 


(, 


c* 


a+C)yoAo 


+  1 


)• 


..("•) 


When  the  horizontal  rib  of  a  braced  iron  arch  acts  also  as  a 
beam,  the  sectional  area  required  to  resist  at  once  the  direct  sfaBSJ 
and  the  bending  action  is  to  be  computed  according  to  the  principle 
of  Article  374,  Case  III.,  equation  2,  p.  540. 

381.  ir»M  Pton. — An  iron  pier  for  supporting  arcbes  or  girdeR 
may  consist  of  any  convenient  number  of  hollow  cylindrical  pillaR, 
either  vertical  or  raking,  each  pillar  being  made  of  pieces  d  * 
convenient  length,  turned  or  planed  at  the  ends,  and  united  by  4 
projection  and  socket,  and  ako  by  flanges  or  lugs  and  bolts,  4s 
explained  in  Article  365,  p.  521,  and  the  several  pillars  being 
connected  together  by  horizontal  and  diagonal  biacea  For  tbe 
method  of  determining  the  stress  on  each  pillar  and  brace*  ^ 
Article  348,  pp.  484,  485.  Each  length  of  a  p^ 
yf\  between  a  pair  of  braced  points  may  be  considered^ 
^  ^  ^  \^  a  strut  hinged  at  the  ends,  and  its  strength  compo*^ 
^      *      *     accordingly.     (See  Article  365,  p.  521). 

As  an  example  of  piers  constructed  in  this  joans&^i 

may  be  taken  those  of  the  Crumlin  Viaduct  (fig.  228,  p> 

494),  in  which  the  greatest  height  of  the  rails  aboretbe 

^      ^      ^     valley  is  about  200  feet.    Each  pier  consists  of  fooi*^ 

>.    ^  ^~X       ^^^^  "^^  columns,  in  lengths  of  17  feet,  with  antuu- 

\  /       form  external  diameter  of  1 2  inches,  and  a  thickne»  « 

FIg/260.       metal  ranging  from  one  inch  at  the  base  to  |  inch  at  tbe 

top.  The  two  centre  columns  are  vertical;  therenu)!^' 

der  rake  in  such  a  manner  that  while  the  base  of  the  highest  pi^^ 

measures  60  feet  by  27,  the  top  of  each  pier  measures  30  by  18.  1^ 
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longitudinal  and  ti*ansver8e  horizontal  braces  are  cast  iron  beams, 
I-shaped  in  section,  and  12  inches  deep;  their  flanges  are  5  inches 
broad.  The  diagonal  braces  in  vertical  and  raking  planes  are  flat 
bars  measuring  4  inches  by  |  inch;  there  are  also  horizontal 
diagonal  braces,  which  are  round  rods  of  2  inches  diameter.  Each 
column  has  a  foot  or  base  from  3  feet  to  5  feet  high,  spreading  to 
3  feet  square,  and  resting  on  a  foundation  of  masonry  to  which  it  is 
bolted  and  joggled     (See  Humber  On  Iron  Bridges.) 

Wrought  iron  struts  of  suitable  figures  may  be  used  instead  of 
east  iron  pillars  in  the  construction  of  piers;  and,  like  them,  they 
are  to  be  considered  as  hinged  at  the  points  which  are  fixed  by  the 
bracing.     (See  Article  566,  p.  521.) 

In  some  cases  a  pier  is  made  of  a  single  row  of  hollow  cylindrical 
cast  iron  pillars,  or  even  of  a  single  such  pillar;  in  which  case  the 
greatest  intensity  of  tension  and  of  thrust  are  to  be  computed  as 
follows: — Let  P  be  the  vertical  load  of  one  pillar;  H,  the  hori- 
zontal thrust  applied  to  it,  at  a  height  of  Y  above  its  base,  or  above 
the  horizontal  section  at  which  the  stress  is  to  be  calculated;  d,  the 
mean  between  the  external  and  internal  diameters  of  the  pillar; 
A,  its  sectional  ai^ea  (=  3*1416  d  X  thickness  of  metal);  then 

greatest  inteBsily  of  {  JJ^J^  }  =  1.  (i^Z  =1=  p)  nearly.  (1.) 

Cases  in  which  the  bending  moment  arising  from  the  thrust 
differs  from  H  Y  will  be  considered  further  on. 

When  a  pillar  simply  rests  on  a  firm  base,  without  being  imbed- 
ded in  the  soil  like  a  pile,  it  is  advisable  so  to  proportion  it 
that  there  shall  be  no  tension  at  any  point  of  its  base;  and  for  that 
purpose  the  diameter  at  the  base  should  not  be  less  than  that 
given  by  the  following  formula : — 

^=^?^. « 

As  examples  of  piers  of  this  class,  may  be  taken  those  used  for 
the  bndges  of  the  Bombay  and  Baroda  luilway,  by  Lieutenant- 
Colonel  Kennedy  (see  Civil  Engineer  and  Architects'  Jcmmaiy 
September,  1861),  each  consisting  of  three  hollow  cylindrical 
vertical  cast  iron  pillars,  connected  together  by  horizontal  and 
diagonal  braces,  with  the  addition,  in  powerful- currents,  of  a  pair  of 
T&king  struts  of  the  same  dimensions  and  construction,  with  the 
pillars,  making  angles  of  30"  with  the  vertical.  The  pillars  are 
cast  in  lengths  of  9  feet,  and  are  2  feet  6  inches  in  external 
diameter,  and  1  inch  thick;  the  lengths  are  connected  together 
by  flanges  and  bolts.   For  the  part  above  ground  the  flanges  are 
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external,  and  have  each  13  bolts  of  1  inch  diameter;  for  tLe 
part  below  ground,  they  are  internal,  and  have  each  10  bolts;  asd 
the  diameter  above-mentioned  has  been  adopted  as  the  least  whick 
will  easily  admit  of  a  workman's  going  inside  to  &sten  the  bolts  d 
the  internal  flanges.  In  foundations  in  earth  the  lowest  length 
forms  a  screw-pile,  with  a  screw  4  feet  6  inches  in  diameter,  by 
means  of  whicn  the  pillar  is  screwed  from  20  to  45  feet  into  t^ 
ground  according  to  uie  softness  of  the  materiaL  Further  menticm 
of  such  piles  will  be  made  in  a  subsequent  chapter,  unda*  the  head 
of  **  Timber  and  Iron  Foundations."  When  the  ground  consists  d 
rock,  each  pillar  is  inserted  into  a  cylindrical  hole  about  2  feet  d^fv 
and  fixed  there  with  cement  The  three  vertical  pillaiH  stand  st 
distances  of  14  feet  from  oentre  to  centre.  The  horizontal  bnoes 
are  of  T-iron,  of  a  sectional  area  between  5  and  6  square  indies ;  die 
diagonal  braces  are  of  angle  iron,  of  a  sectional  area  between  3  and 
4  inches ;  each  brace  is  fiistened  to  lugs  on  the  piUars,  and  tightened 
at  one  end  by  a  gib  and  cotter. 

The  piers  just  described  have  lateral  stiffiiess  sufficient  to  with- 
stand the  pressure  of  a  cuiTent,  or  of  bodies  borne  along  with  it; 
but  they  are  not  adapted  to  bear  the  thrust  of  an  arch,  unless  it  be 
one  of  veiy  small  size.  The  superstructure  of  the  bridges  in  which 
they  are  used  consists  of  Warren  girdera 

In  some  lately  erected  bridges,  the  cast  iron  columns  which  foim 
the  piers  are  cylinders  of  7  feet,  9  feet,  10  feet,  and  upwards,  in 
diameter,  and  from  1  to  2  inches  thick,  filled  wilJi  ooncrele  or  with 
rubble  masonry.  The  mode  of  sinking  such  cylinders  will  be 
described  under  the  head  of  *'  Timber  and  Iron  Foundations.' 
They  are  capable  of  withstanding  a  considerable  thrust  from  an 
arch. 

For  example,  in  the  Theiss  bridge,  mentioned  in  Article  380, 
p.  565,  each  pier  consists  of  two  cylinders,  side  by  side : — 

The  diameter  of  each  cylinder  is  3  mdtres,  or  9*^43  ^^^ 

The  thickness, about  1*38    inch. 

The  depth  of  the  springing  of  the  arches  \ 
below  the  centre  line  of  the  horizontal 
ribs, ..^ 

The  height  of  the  springing  of  the  arches 
above  the  base  of  the  pier, 

The  greatest  thrust  against  a  column  oc- ' 
ours  when  one  of  the  arches  springing 
from  it  is  fully  loaded,  and  the  other 
unloaded ;  in  this  case  the  vertical  load 
on  one  column  is, 

And   the  excess  of  the  thrust  of  the  (      tt       ^  ik« 

loaded  over  that  of  the  unloaded  arch,  /     ^-3^h50o  1D& 


Y'  =  18-93    feet 
Y  =  65-4      feet 

P  =  368,000  Iba 
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M.  Cezanne,  in  his  account  of  this  bridge  before  referred  to,  con- 
siders the  column  as  a  verticcd  beam,  acted  upon  by  the  pressure  H 
at  the  springing  of  the  arch,  which  is  resisted  by  the  thrust  of  the 
horizontcU  rib  of  the  unloaded  arch  at  the  top  of  the  column,  and  by 
that  of  the  foundation  at  its  base,  so  that  the  bending  moment, 
instead  of  being  H  Y,  as  in  equation  1  of  this  Article,  is 

Y^y/^ v^-y 

and  the  greatest 

thrust  )       1  /4HYy         p\  ... 

tensionJ-A  \(Y  +  Y)  rf  >/ ^  ^^ 

According  to  these  principles,  the  greatest  intensities  of  the 
stress  in  the  cylinders  of  the  Theiss  bridge  are, 

Thrust,  about  4,300  lbs.  per  square  inch. 
Tension,  about  730       „  „ 


382.  Swq^mioa  BrM«eib — L  Figure,  Weighty  ArrarigemmUy  and 
Loading  oy  Chains  or  Cables, — ^The  whole  theory  of  the  action  of  an 
uniformly  distributed  load  on  a  suspension  bridge,  when  the  sus- 
pending-rods  are  vertical,  has  been  given  in  Article  125,  pp.  188  to 
191,  and  when  the  suspending-rods  are  oblique,  in  Article  126,  pp. 
191  to  194. 

It  is  advisable  to  make  the  &ctor  of  safety  for  the  fixed  load 
three,  and  that  for  the  rolliDg  load  six;  but  in  many  actual  sus- 
pension bridges  the  factors  are  much  less. 

When,  for  reasons  of  practical  convenience,  each  chain  is  made  of 
uniform  sectional  area,  that  area  muRt  be  proportioned  to  the 
greatest  pull ;  that  is  to  say,  to  the  pull  at  the  points  of  support 
(or  at  the  highest  point  of  support,  if  their  heights  are  unequal) ; 
but  a  saving  may  be  made,  both  of  load  and  of  material,  by  making 
the  sectional  area  of  the  chain  at  different  points  vaiy  as  the  pull ; 
that  ia  to  say,  as  the  secant  of  the  angle  of  inclination  of  the  chain. 
The  weights  of  sections  of  the  chain,  extending  over  eqtud  horizonial 
distanceSf  will  in  this  case  vary  as  the  squares  of  the  secants  of 
their  angles  of  declivity. 

The  following  formulsB  show  both  the  absolute  and  comparatiye 
heights  of  chains  of  uniform  section  and  of  uniform  strength,  to  a 
degree  of  approximation  sufficient  for  practical  purposes : — 

Let  X  be  the  half-span  of  the  chain ;  y,  its  depression,  both  in  feet ; 
the  ordinary  proportions  of  a;  to  y  range  from  4^  :  1  to  7^  :  1. 

Let  0  be  the  weight  of  a  chain  of  the   length  x,  and  of  a 
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croflB-fiection  Bofficient  to  bear  safely  the   greatest  voitin; 

horizontal  tension  H. 
C,  the  weight  of  a  half-span  of  the  chain  of  tint/brm  mdtM/iL 
C*,  the  weight  of  &hal/'Span  of  the  chain  of  uniform  ttre^; 

then, 


C  =  C-(l+«-^  nearly. (1.) 


The  error  of  the  first  formula  is  in  excess,  and  does  not  exceed 
l-3000ih  part  in  any  case  of  common  occurrence  in  practice. 
The  value  of  C  in  the  above  formuls  nmy  be  taken  as  follows  :— 

For  wire  cables  of  the  best  kind,  C  =  ^^  ; (3.) 

450U 

For  cable-iron  links,  C  =  ^.; W 

it  being  understood  that  the  last  formula  gives  the  net  weight  onJr. 
in  other  words,  the  weight  exclusive  of  the  additional  m&temi  in 
the  eyes  and  pins  by  which  the  links  are  connected  together. 

About  one-eigfUh  may  be  added  to  the  net  weight  of  the  dttio^ 
for  eyes  and  fastenings.* 

As  to  the  structure  and  mode  of  connection  of  flat-linked  cluio^ 
and  wire  cables,  see  Article  364,  Divisions  III.,  V.,  pp.  519,  520. 

The  smallest  number  of  chains  or  cables  in  a  suspension  bridge  is 
two,  one  to  support  each  side  of  the  roadway.  In  other  cases  there 
are  fix)m  two  to  four  parallel  sets  of  chains,  each  consisting  of  t«i' 
or  more  chains  in  the  same  vertical  plane.  For  example,  ^  ^ 
Menai  Bridge,  there  are  sixteen  chains,  in  four  sets  of  four. 

The  equal  distribution  of  the  load  amongst  a  set  of  chains  whtoi 
hang  in  one  vertical  plane  may  be  effected  in  different  ways;  one 
being  to  distribute  the  suspension-rods  equally  amongst  them.  ^ 
order  that  this  plan  may  be  effective,  all  the  chains  should  ^  ^ 

*  A  grett  improvement  in  the  mftDafacture  of  ban  for  bridge  dudiis,  iotiodnoed^ 
Measn.  Howaid  and  RaveDbai^ooiuiBti  in  a  process  of -roUing  them  with  eolt^ 
00  their  ends,  so  that  the  eyes  can  be  made  withoat  foiging  or  welding. 

Here  may  be  mentioned  the  test  applied  by  Mr.  Page  to  the  baxs  osed  for  the  eban 
of  Chelsea  Suspension  Bridge  (which  test  has  been  omitted  from  iu  proper  ^J^ 
Article  867).  Each  bar  was  sabjected  to  a  tension  of  the  intensity  of  18}  to>*(*|[ 
80,240  Iba.)  per  square  inch;  and  i^  after  the  removal  of  the  stress*  the  length  of  tbe 
bar  was  found  to  be  permoMmUff  increased  by  more  than  1 -400th  mch  per /bo(  (<v 
l-4800tb),  it  was  reacted.  The  ultimate  tenacity  of  bars  whldi  withstood  thii  ^ 
was  found  to  be  31  tons,  or  69,440  lbs.  per  square  inch. 
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exactly  equal  span,  depressioii,  and  dimensionSy  so  that  they  may  all 
be  afiected  alike  by  clumges  of  temperature  and  of  load. 

Tbe  method  which  insures  the  most  accurately  equal  distribution 
of  the  load  on  two  chains,  is  that  used  by  I.  K.  Brunei  m  the 
Hungerford  Bridge,  and  represented  in  fig.  261; 
A  is  a  suspension-rod,  hanging  from  the  middle 
of  a  small  wrought  iron  lever,  B,  of  equal  arms; 
the  ends  of  that  lever  are  hung  by  rods  C,  D, 
from  tbe  two  chains  £,  F,  each  of  which  bears 
exactly  half  the  load  of  the  rod  A. 

In  Chelsea  Bridge  the  rods  C  and  D  are  dis- 
pensed with ;  and  the  lever  B  becomes  a  sort  of 
scalene  triangle,  whose  two  upper  angles  are 
supported,  one  by  one,  on  tbe  joint-pins  of  one  Fig.  261. 

chain,  the  other  by  a  pin  resting  on  the  top 
of  the   other  chain,  while    from    its    lowest    angle    hangs    the 
rod  A. 

Each  suspending-rod  should  have  its  length  capable  of  adjust- 
ment, by  means  of  a  screw,  arranged  according  to  convenience. 

The  ordinary  distance  between  the  suspending-rods  is  from  5  to 
12  feet;  and  each  of  them  carries  one  end  of  a  cross  joist  of  the 
platform. 

When  a  suspension  bridge  consists  of  several  bays  or  spans,  the 
chains  of  all  of  them  must  form  portions  of  equal  and  similar 
parabolas  (the  parabola  being  considered  a  sufficiently  close  ap- 
proximation to  the  true  curve  in  which  the  chain  hangs,  as  already 
explained  in  Article  128,  pp.  197,  198). 

II.  Platform, — On  this  point  see  what  has  already  been  stated 
as  to  timber  platforms  in  Article  336,  pp.  465  to  468,  and  iron 
platforms,  in  Article  375,  pp.  542  to  546. 

The  platform  of  a  suspension  bridge  is  usually  cambered,  or 
slightly  arched  upwards. 

IIL  Piers  and  Saddles. — As  to  the  properties  of  different 
methods  of  supporting  the  chains  on  the  tops  of  the  piers,  see 
Article  125,  Problem  VI.,  p.  191.  Unless  the  pier  has  con- 
siderable stability,  the  second  construction  there  described,  viz. : — 
That  in  which  the  chains  are  made  fast  by  pins  to  a  truck,  sup- 
ported on  rollers  on  a  level  base  or  platform,  is  to  be  preferred,  as 
insuring  that  the  load  on  the  pier  shall  be  exactly  vertical.  From 
good  practical  examples  it  appears  that  the  length  of  the  platform 
on  which  the  rollers  rest  may  be  about  one-fiftieth  part  of  the  span 
of  one  bay  of  the  chains.     The  truck  should  be  of  wrought  iron. 

In  some  cases  hinged  oast  iron  piers  have  been  used,  each  of 
vhich  has  the  chains  made  fBst  to  its  upper  end,  while,  at  its  lower 
end,  it  is  capable  of  turning  through  a  small  angle  in  a  vertical 
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plane,  about  a  horiaoiital  azi«,  so  as  to  lean  slightly  inwards  or  oiEt- 
wards  as  the  distribution  of  the  load  varies. 

Mr.  P.  W.  Barlow  has  proposed,  in  order  to  diminish  or  prevent 
the  disfigurement  of  a  suspension  bridge  of  many  bays,  when  one 
bay  is  loaded  and  the  adjoining  bays  unloaded,  that  the  ends  of  the 
chains  of  each  bay  should  be  made  &st  to  the  top  of  a  wrought  iron 
pier,  constructed  like  a  plate  girder  set  on  end,  and  having  strength 
and  stability  sufficient  to  resist  the  excess  of  hcttiaontal  tenskm  in 
the  loaded  bay  above  that  in  the  unloaded  bay. 

Let  vf  denote  the  greatest  UuoMing  load  per  foot  of  span ; 

7^  the  half-span  of  a  bay; 

y,  the  depression  of  each  chain ; 

then  the  exoeas  of  horisontal  tension  in  question  is 

H'  =  ^J W 

and  this  being  multiplied  by  the  depth  of  any  given  horisontal 
section  of  the  pier  below  the  point  of  attachment  of  the  chains, 
gives  the  bending  moment  at  that  section.  The  vertical  stress 
produced  by  that  moment,  compressive  at  one  side  of  the  pier  soJ 
tensile  at  the  other,  is  combined  with  the  compressive  vertical 
stress  produced  by  the  total  load,  whose  amount  is  as  follows:— 

Let  U7  be  the  fixed  load,  per  foot  of  span ; 

W,  the  weight  of  the  pier  itself,  above  the  given  hoosmtal 
section;  then  the  load  is 

P  =  W  +  (2w  +  ti0a. (6.) 

As  to  the  combined  action  of  the  load  and  bending  moment,  s^ 
Article  381,  p.  571. 

IV.  AlAilmmOi'—AniAaring  C%a»»w.— The  term  ''Abutment*  is 
applied  to    those   masses,    whether  of   masonry    or    of  natonl 

rock,  to  which  the  extreme  ends 

I  I — n  of  the  chains  are  made  £Ewt^  and  by 

I  J^^S^^  ^  whose  stability  the  tension  of  the 

J  ,^^^^L  chains  is  resisted.     For  example, 

^^r^        \.  in  fig.  262  (which  bears  a  genertl 

J^^^  \^„^^^        resemblance   to  an   abutment  rf 

ISr  .^'t^^k^^    Hungerford    Bridge),   a   pair  rf 

^^m^mm^^^\^\^y^^     cludDs  cutor  an  opening  in  tlw 

Fig.  262.  abutment   at   A,   in   a  direction 

nearly   horizontal.      At  B  their 

direction  is  changed  to  one  more  steeply  inclined,  by  the  aid  of  a 

saddle,  which  presses  against  the  masonry  in  front  of  it    The 
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chains  traverse  a  sloping  tunnel  or  passage  in  the  abutment,  and 
tiiially  pass  through  holes  in  the  ''  anchoring  plates"  of  cast  iron  at 
C,  where  they  are  fixed  by  keys  or  wedges;  the  anchoring  plates 
press  against  a  pair  of  transverse  cast  iron  girders  imbedded  in  the 
masonry. 

Except  that  the  tendency  is  to  upset  or  to  slide  forwards  instead 
of  backwards,  the  principles  of  the  stability  of  the  abutment  of  a 
suspension  bridge  are  precisely  the  same  with  those  of  the  abutment 
of  an  arch ;  that  is  to  say,  the  weight  of  the  abutment  must  be  suf- 
ficient to  prevent  it  by  friction  from  sliding  on  its  base ;  its  weight 
and  thickness  must  be  sufficient  to  prevent  it  from  upsetting ;  and 
the  centre  of  resistance  of  its  base  must  not  deviate  from  the  centre 
of  figure  by  more  than  a  safe  fraction  of  the  thicknesa  As  to 
ordinary  foundations  for  such  abutments,  see  Articles  235  to  239, 
jip.  377  to  382;  as  to  the  stability  of  the  abutments,  see  Articles 
263,  264,  pp.  396  to  401.  The  resistance  to  sliding  forward  may 
be  increased  by  making  the  base  of  the  abutment,  or  part  of  it, 
slope  so  as  to  be  perpendicular,  or  nearly  so,  to  the  resultant 
prcssure,  as  in  the  front  part  of  the  abutment  in  ^g,  262. 

When  piles  ai-e  used  in  the  foundation,  they  should  be  driven  as 
nearly  as  possible  in  the  direction  of  the  resultant  pressure.  (See 
Seftion  II.  of  the  next  chapter.) 

y^hs-.--tfddIes  by  the  aid  of  which  the  direction  of  a  chain  witliin 
its  abutments  is  changed,  do  not  require  rollers,  though  they  must 
be  capable  of  sliding  to  an  extent  sufficient  to  admit  of  the  expan- 
sion and  contraction  of  the  chain.  This  has  been  effected  by 
making  them  rest  on  a  bed  about  4  or  5  inches  thick,  consisting  of 
layers  of  asphalted  felt. 

As  wire  cables,  from  their  great  extent  of  surface,  require  more 
care  in  order  to  prevent  them  from  rusting  than  bars,  it  is  generally 
considered  advisable  that  chains  made  of  bars  should  always  be 
used  wWiin  the  (xbutTnerUa  of  suspen.sion  bridges,  although  to  the 
outer  ends  of  such  chains  wire  cables  of  equal  strength  may  be 
attached.  The  cavities  and  passages  containing  these  anchoring 
chains  and  their  fastenings  ought  to  be  accessible  for  purposes  of 
examination,  painting,  and  repair. 

V.  OscUlcUiona  and  Means  of  Checking  them. — A  suspension 
bridge  consisting  simply  of  abutments,  piers,  chains,  vertical  sus- 
pendiug-rods,  and  load,  is  free  to  oscillate  both  vertically  and 
horizontally,  the  vertical  oscillations  consisting  in  a  wave-like 
motion  of  the  chains  and  platform.  Every  impulse  applied  to  the 
bridge  causes  a  series  of  oscillations  of  extent  projwrtional  to  the 
impulse,  which  go  on  until  they  are  gradually  extinguished  by 
friction;  and  the  application  of  a  series  of  impulses  at  intervals 
which  are  commensurable  with  the  periodic  time  of  oscillation  of 

2p 
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the  bridge  causes  the  extent  and  the  consequent  straining  eSect  of 
the  oscillations  to  go  on  continually  increasing;  so  tiiat  a  long 
series  of  successive  impulses  of  very  small  amount,  occurring  at 
regular  intervals,  may  be  sufficient  to  endanger  or  destroy  a  veir 
strong  suspension  bridge.  Such  is  known  to  be  the  efiect  of  the 
regular  tread  of  soldiers  in  marching;  and,  therefore,  when  they 
approach  a  suspension  bridge,  they  must  be  instructed  to  break  into 
an  irregular  step. 

Storms  of  wind  cause  oscillations,  both  vertical  and  horisontal, 
which  have  sometimes  proved  very  destructive. 

Although  the  oscillation  of  suspension  bridges  cannot  be  wholly 
prevented,  it  may  be  very  efficiently  checked  by  means  of  a  S3rstem 
of  oblique  stays,  which  may  either  be  external  to  the  framework  of 
the  bridge,  or  be  contained  within  it 

As  an  example  of  a  mixed  system  of  external  and  internal  stays 
may  be  taken  that  of  the  Niagara  Suspension  Bridge;  In  it  there 
are  120  stays,  which  may  be  described  as  "guy-ropes;"  they  art 
iron  ropes,  each  of  a  sectional  area  which  is  about  1 -200th  part  of  the 
joint  sectional  area  of  the  four  main  cables;  some  of  them  extend 
obliquely  downwards  from  the  saddles  on  the  top  of  the  piers  to  iht 
platforms ;  others  extend  obliquely  downwards  and  sideways  from 
the  lower  platform  to  various  points  of  the  rocks  on  which  the  pio^ 
stand.  The  upper,  or  railway  platform,  and  the  lower,  or  road  plat- 
form, constitute  respectively  the  top  and  bottom  of  a  tubular  lattice 
girder  24  feet  broad  and  18  feet  deep,  with  timber  booms  and 
uprights  diagonally  braced  both  horizontally  and  vertically  with 
iron.     (See  fig.  265,  p.  581.) 

Every  well-constructed  suspension  bridge  has  its  platform  stif- 
fened horizontally  by  diagonal  bracing ;  as  to  the  action  of  which, 
see  Article  336,  p.  467.  Vertical  diagonal  bradng  is  veiy  generally 
used  to  give  vertical  stiffness:  this  will  be  considered  more  in 
detail  further  on. 

In  order  to  stiffen  two  suspension  bridges  in  the  Isle  of  BourboD, 
the  elder  Brunei  tied  the  platforms  down  to  a  set  of  inverted  chains 
(called  "counter-chains")  whose  total  sectional  area  is  about  ont- 
third  of  that  of  the  main  chains. 

Suspension  bridges  with  sloping  rods  are  stiffer  than  those  with 
vertical  rods. 

VI.  Bracing  to  resist  a  heavy  Travelling  Load, — ^Various  methoib 
have  been  proposed,  and  partially  tried,  to  enable  a  suspension 
bridge  to  resist  the  action  of  a  heavy  travelling  load,  such  as  a 
railway  train,  without  undergoing  more  disfigurement  than  a  girder. 
In  order  to  make  such  methods  effect  their  purpose  completely  in 
bridges  of  several  bays,  the  chains  must  be  made  fast  to  piers  of 
sufficient  strength  and  stability,  as  described  in  p.  576. 
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(1.)  AuxUiary  Girders. — These  are  a  pair  of  straight  girders  of 
any  convenient  oonstraction  (such  as  the  plate,  the  zig-zag,  or  the 
lattice)  hung  from  the  chains  by  the  suspending-rods,  and  support- 
ing the  cross  joists  of  the  platform.  A  sketch  of  an  auxiliary 
girder  is  shown  in  fig.  263.  It  should  be  not  merely  supported  at 
each  end,  but  /astened  down,  as  there  are  certain  positions  of  the 
rolling  load  which  tend  to  lift  one  of  its  enda  It  should  not,  how- 
ever, be  fixed  in  direction  there.     In  order  to  enable  it  to  act  with 


Fig.  268. 


the  greatest  efficiency,  it  should  be  hinged  at  the  middle  of  the 
span,  which  may  be  effected  by  making  it  in  two  halves,  connected 
together  by  means  of  a  cylindrical  pin  of  dimensions  sufficient  to 
b^  the  shearing  stress,  which  will  presently  be  stated.  The  object 
of  this  is  to  annul  the  straining  action  which  would  othei-wise 
arise  from  the  deflection  and  expansion  of  the  chain. 

This  precaution  having  been  observed,  the  greatest  bending 
action  on  the  auxiliary  gmler  will  be  that  due  to  half  ike  rolling 
load,  upon  a  girder  of  orte-half  of  the  span  of  the  chain;  and  the 
greatest  shearing  action,  which  will  take  place  at  the  central  pin, 
and  at  each  point  of  support,  will  be  equal  to  an/e-dgkth  of  the  roll- 
ing load  over  the  whole  span.     That  is  to  say,  in  symbols. 

Let  i(/  be  the  greatest  rolling  load  per  unit  of  span ; 
05,  the  half-spaffi; 
M,   the  moment  of   the  greatest  bending  action  on   the 

auxiliary  girder; 
F,  the  great^  shearing  force ;  then 


M  = 


v^a? 


16 


.(7.) 


F=: 


v/  X 


.(8.) 


Each  half  of  the  auxiliary  girder  is  accordingly  to  be  designed 
as  if  for  a  girder  of  the  span  x,  under  an  umformly  distributed 
load  of  the  intensity  u/  -^  2;  regard  being  had  to  the  &ct  that 
such  load  acts  alternately  upwards  and  downwards,  so  that  each 
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))icce  of  the  girder  must  be  capable  of  acting  alternately  as  a  !^trQt 
and  as  a  tie,  under  equal  and  opposite  stre8se& 

K  the  girder  is  not  hinged,  but  continuous,  at  the  middle  of  the 
span,  it  should  be  made  capable  of  bearing  a  bending  action  vhc^ 
moment  is 

M  =  «;< (9.) 

and  not  to  go  into  unnecessary  nicety  of  calculation,  the  cros- 
Hection  capable  of  resisting  that  moment  may  be  continued  uni- 
fonnly  throughout  the  middle  Aa(/'of  the  stiffening  girder.* 

(2.)  By  DtagofuiUi/'Braced  Pairs  o/Chains, — Tlus  system  is  repnr 
sented  in  fig.  264.  In  order  that  the  two  chains  may  be  affect^ 
alike  by  the  expansive  action  of  heat,  their  curvatures  should  ^ 
equal;  in  other  words,  their  vertical  distance  apart  should  l)etb«- 
same  thix)ughout  the  whole  span.     If  that  vertical   distance  W 


Fig.  264. 

made  equal  to  Iialf  tke  depressum  of  each  chain,  no  addidonftl 
material  will  be  required  in  tlie  chains  beyond  what  is  necessary  t«« 
support  a  travelling  load  over  the  whole  span.  The  diagonal 
braces  should  be  cajmble  of  acting  as  struts  and  ties  alternately, 
under  stre&ses  computed  as  for  an  auxiliary  girder.  Material 
would  be  saved  by  this  mode  of  stiffening,  as  compared  with  the 
auxiliary  girder;  but  it  would  probably  be  less  eflScient  and 
durable,  as  the  alteration  of  the  curvature  of  the  chains  by  hea^ 
and  cold  would  tend  to  strain  and  loosen  the  joints  of  the  braces. 

(3.)  By  Diagonal  Bracing  beiioeen  tke  Cluiins  and  Plaifcrm.— 
This  case  is  to  be  treated  as  a  braced  iron  arch  inverted,  with  the 
action  of  each  force  reversed;  so  that  the  formulaj  of  Article 
380,  pp.  567  to  570,  and  of  Article  379,  equations  3,  4,  o, 
pp.  563,  564,  may  be  applied.  This  method  of  stiffening  ^^ 
not  be  efficient,  unless  the  weight  of  the  platform  bears  such  a  p^*- 
portion  to  the  rolling  load  as  to  prevent  any  suspending-rod  bm. 
being  subjected  to  thrust;  and  that  such  may  be  the  case,  the 
result  of  equation  4,  p.  564,  should  be  negative,  or  nothing,  for  each 
such  rod.     It  is  also  open  to  the  same  objections  with  method  (2.) 

"  See,  on  this  qaestion^  the  Civil  Engineer  and  ArchiieeUf  Journal  for  Novemb«r 
and  December,  1860;  also,  A  Manual  of  Applied  Mechanics,  second  edition,  p.  3To. 
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(4.)  By  Tendon  Bibs. — Mr.  K  A.  Cowper  has  proposed  to  use, 
instead  of  flexible  chains  or  cables,  stiff  wrought  iron  ribs,  like 
inverted  arches. 

The  theory  of  the  action  of  the  load  on  such  "  tension  ribs"  is 
precisely  the  same  as  in  the  case  of  ordinary  arched  ribs  (see 
Article  374,  p.  537),  except  that  every  force  is  reversed,  tension- 


Fig.  265.— [Niagara  Falls  Bridge,  from  a  Photograph.] 


being  substituted  for  thrust,  and  thrust  for  tension  (if  any).  In 
order  to  annul  the  straining  action  of  the  yielding  of  the  piers,  and  of 
changes  of  central  deflection  and  temperature,  those  ribs  should  be 
hinged  at  the  middle  and  at  the  points  of  support;  in  which  case 
all  the  formulae  of  Article  374,  Case  IV.,  p.  541,  become  applicable 
to  them,  with  the  modification  stated  above. 
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383.  PMpMPtton  of  Weigkt  !•  l^mmA  la  Iran  Bridges. — In  AHicle 
1 67,  p.  263,  the  general  principles  have  been  explained  aooording 
to  "which  the  weight  of  a  beam  intended  to  carry  a  given  load  can 
l>e  approximately  determined  before  designing  the  beam.  The 
examples  there  given,  however,  are  applicable  to  simple  beams 
only,  in  which  eveiy  portion  of  the  material  directly  contributes  to 
tbe  resistance  to  the  bending  and  shearing  action  of  the  load.  In 
large  iron  bridges  there  are  many  parts  which  do  not  directly  con- 
tribute to  that  resistance,  but  which,  being  necessary  for  the  con- 
nection or  staying  of  the  parts  which  do  so,  are  essential  parts  of  the 
structure;  and  they  increase  its  weight  in  a  proportion  which 
ranges  in  various  practical  examples  from  once  and  a-half  to 
double. 

To  deduce  from  practical  examples  a  formula  for  computing  the 
probable  ratio  which  the  weight  of  the  superstructure  of  a  bridge  of 
a  given  design  will  bear  to  the  external  load,  the  following  data, 
from  an  existing  bridge  of  similar  design,  are  required  : — 

If  the  span  in  feet  ; 

B,  the  gross  weight  of  the  superstructure,  either  in  all  or  per 
foot  of  span ; 

«2,  the  fiictor  of  safety  applicable  to  that  weight  (say  3) ; 

W',  the  greatest  working  travelling  load  (either  over  all  or 
per  foot  of  span)  consistent  with  a  proper  factor  of  safety  «j 
(say  6).  This  is  not  to  be  taken  from  the  (ictiud  travelling 
load,  but  computed  as  follows: — Let  W  be  the  calculated 
breaking  load ;  then 

W'  =  ^--'«-«. (1.) 

From  these  data  compute  the  following  quantity : — 

'--o+vi)^ *> 

then,  for  any  other  bridge  of  similar  design  and  proportions,  the 
probable  proportion  of  the  weight  of  the  superstructure  to  the 
greatest  working  travelling  load  is  given  by  the  formula. 


B  _«i        I 


.(3.) 


W'""«2    L  — f 

If  «^  =  6  and  «2  =  3,  these  formulae  become  as  follows : — 

L  =  ;(lt-2-^; (4.) 
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The  following  are  some  examples  of  values  of  L : — 

For  tubular  bridges,  not  con  tin  nous;  the  depth 
about    1-1 6th   of   the    span    (as  the   Conway       L 
Bridge);  the  effective  section  two-thirds  of  the      FeeL 
whole  iron, 614 

For  tubular  bridges,  mean  depth  about  1-1 6th  of 
the  span,  continuous  over  piers ;  I  in  the  formulae 
denoting  the  span  of  the  greater  or  intermediate 
bays  (as  the  Britannia  Bridge), 760 

Warren  girder  bridges,  not  continuous,  with  cast 

iron  stnita;  depth  about  1-1 5th  of  the  span, 670 

Warren  girder  bridges,  not  continuous,  with  the 
frame  entii-ely  of  wrought  iron;  depth  about 
1-lOth  of  the  span, 900 

Iron  arched  bridges ;  rise  about  l-9th  of  the  span,       630 

Wire  cable  suspension  bridge;  the  depression 
1-1 4th  of  the  span;  the  cables  4-lOths  of  the 
weight  of  the  superstructure ;  ultimate  tenacity 
of  the  wire  90,000  lbs.  per  square  inch  (as 
Niagara  Falls  Bridge), 2000 

In  designing  railway  bridges,  W'  is  in  geneiul  assumed  to  V«' 
one  ton,  or  2,240  lbs.  per  lineal  foot  of  a  single  line.  For  hrid^-i^ 
not  can-ying  railways,  the  most  severe  moving  load  may  be  as- 
sumed to  be  that  of  a  closely  packed  crowd,  as  stated  in  Artid** 
335,  p.  466;  that  is,  120  lbs.  per  square  foot  of  platform,  so  that  in 
such  cases, 

W'  =  120  lbs.  X  breadth  of  platform  in  feet 

For  a  bridge  with  two  platforms,  one  carrying  a  road  and  tl?*' 
other  a  railway,  those  two  loads  are  to  be  combined. 

Section  V. — 0/  Various  Metals  and  Alloys, 

384.  i<«ad  is  used  in  engineering  works  as  a  covering  for  roof^ 
(as  to  which,  see  Article  337,  p.  468),  as  a  material  to  &sten  iroi» 
cramps  into  masonry,  by  filling  up  the  cavities  between  them,  and 
sometimes  as  a  means  of  distributing  the  pressure  on  the  beds  of  arch- 
stones  (as  to  which,  see  Article  277,  p.  414).  Ajb  to  its  tenadty  an<l 
heaviness,  see  the  tables  at  the  end  of  the  volume.  It  melts  at  h 
temperature  of  about  630°  Fahrenheit     When  a  fresh  surfkce  of 
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lead  is  exposed  to  air  or  water,  it  becomes  coated  in  a  short  time 
with  a  thin  grey  film  of  oxide,  which  protects  the  metal  against 
further  oxidation,  unless  some  acid  be  present  capable  of  dissolving 
the  oxida 

385.  zinc  is  used  for  covering  roofs  (see  Article  337,  p.  468),  and 
also  for  coating  pieces  of  iron  to  protect  them  against  oxidation. 
(See  Article  330,  p.  462.)  A  fi-esh  surface  of  2anc,  when  exposed 
to  the  air,  becomes  coated  with  a  thin  film  of  oxide,  which  protects 
the  metal  against  further  oxidation,  unless  an  acid  be  present  to 
dissolve  the  oxide.  The  coating  with  zinc,  or  "  galvanizing,"  as  it 
is  called,  of  thin  pieces  of  iron,  such  as  sheets  and  wires,  makes 
them  more  ductile,  and  a  little  less  tenacious  than  before.  It  is 
effected  by  carefully  cleansing  the  surface  of  the  iron,  and  placing 
it  in  contact  with  a  solution  of  a  compound  of  oxide  of  zinc  and 
potash ;  the  negative  pole  of  a  galvanic  battery  is  connected  with 
the  piece  of  iron,  the  positive  pole  with  a  plate  of  zinc  immersed 
in  the  solution.  Zinc  melts  at  a  temperature  which  is  estimated  to 
be  about  700°  Fahrenheit.  At  a  temperature  somewhat  above  a 
red  heat  it  evaporates,  and  is  then  highly  combustible. 

386.  Tin— AUo7«  of  TiB-— Tin  melts  at  426°  Fahrenheit.  It 
resists  oxidation  better  than  any  of  the  more  common  metals, 
except  gold  and  silver.  It  enters  I'eadily  into  combination  with 
iron ;  and  it  is  by  immersing  well-cleansed  sheets  of  iron  in  melted 
tin  that  "tin  plate"  or  tinned  iron  is  prepared,  the  iron  being 
coated  with  a  layer  of  an  alloy  of  iron  and  tin,  which  passes 
gradually  into  pui-e  tin  at  its  outer  surface.  Although  tin  is  very 
soft  and  ductile,  most  of  its  alloys  with  other  metals  are  harder 
than  either  of  the  component  metals. 

387.  Copper, — ^As  to  the  tenacity  of  copper,  which  differs  con- 
siderably accoi*ding  to  the  manner  in  which  the  metal  has  been 
treated,  see  the  table  at  the  end  of  the  volume.  It  is  diminished 
to  about  two-thirds  by  a  temperature  of  600°  Fahrenheit. 

Copper  resists  oxidation  well,  owing  to  the  formation  over  its 
surface  of  a  film  of  verdigris,  or  carbonate  of  copper,  which  protects 
the  metal.  This  property,  together  with  its  great  strength, 
makes  it  an  useful  material  for  fastenings  of  timber  work  and 
masonry  in  situations  where  iron  would  be  rapidly  oxidated,  and 
where  the  cost  of  copper  fastenings,  being  from  six  to  eight  times 
that  of  ii'on  fastenings,  can  be  afforded. 

As  to  the  use  of  sheet  copper  for  covering  roofs,  see  Article  337, 
p.  468. 

388.  Bmubc. — Although  the  term  "  Brass"  is  popularly  applied 
to  all  the  alloys  of  copper,  those  in  which  it  is  combined  with  tin 
are  more  properly  called  Bronze,  These  compounds  are  harder 
than  copper,   to  a  degree  increasing  with   the  quantity  of  tin 
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which  they  contain,  up  to  a  proportion  which  gives  the  maximum 
of  hardness. 

In  order  that  bronze  may  be  of  good  quality,  as  regards  accuracy 
of  the  figure  of  castings,  soundness,  and  strength,  a  general  principle, 
applicable  to  aU  alloys,  should  be  observed  in  its  composition, — tlie 
quantities  of  the  ingredients  should  bear  definite  atomic  proportions 
to  each  other.  When  this  rule  is  not  observed,  the  metal  produced 
is  not  a  homogeneous  compound,  but  a  mixture  of  two  or  more 
dififerent  compounds  in  irregular  masses,  shown  by  a  mottled 
appearance  of  the  castings  when  broken ;  and  these  masses  being  dif- 
ferent in  expansibility  and  elasticity,  tend  to  separate  £rom  each 
other. 

The  following  is  a  list  of  some  of  the  principal  alloys  of  copper 
and  tin,  in  which  the  chemical  equivalents  of  those  metals  are 
assumed  to  be  respectively, 

Copper, 315 

Tin, 59 

Comporition. 

By  Atoms.         By  Weigfat 

Copper.    Tin.    Copper.    Tin. 

(  Bell-metal :  hard  and  brittle :  contracts 
6  I         189       59<      in  cooling    from    its    melting  point, 

I      l-63d.  . 
59     Hard  bronze. 

r  Bronze,  or  gun-metal :  contracts  in  cooling 
^^  (      from  its  melting  pointy  1-1 30th. 
59     Softer  bronze. 

As  the  table  of  tenacity  at  the  end  shows,  bronze,  or  gun-metal, 
is  twice  as  tenacious  as  good  ordinary  cast  iron,  and  as  tenacious  as 
copper  in  bolts,  while  at  the  same  time  it  is  harder  than  copper. 
It  is  much  used  in  machinery.  Lead  is  sometimes  present  in 
it  as  an  adulteration,  and  is  very  injurious  to  its  strength  and 
durability.* 

389.  Bnis%  properly  speaking,  is  the  general  name  of  the  alloys 
of  copper  with  zina  They  are  weaker  than  copper  or  bronze,  but 
are  useful  from  their  fusibility  and  ductility.  The  following  is  a 
table  of  the  principal  alloys  of  copper  and  zinc,  in  which  the 
chemical  equivalents  assigned  to  those  metals  are, 

Copper, 31-5 

Zinc, 32-5. 

*  For  information  ae  to  the  alloys  of  copper,  tin,  sine,  and  lead,  see  a  paper  in  the 
Manchuter  Memoirt  for  1860,  by  Mr.  Craoe  Calrert  and  Mr.  Johnson. 
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Composition. 
By  Atooia.         By  WdghL 
Copper.   Zinc.  Copper.     Zinc 

6         I        189       32*5    Hardened  copper. 
4         I        126       32*5     MaUeable  brass.    . 

(  Ordinary  brass :  contracts  in  cooling  from 
2         I  63       32-5  J      its  melting  point,  l-60th.     Tenacity, 

(      see  table  at  end  of  volume. 
^  '       3 1 '5       32*5     Prince  Rupert's  metal :  very  hard. 

389  A.  G«ld— -AMHrer^na  Steel. — According  to  some  recent  experi- 
ments, steel  is  increased  in  toughness  by  being  alloyed  with  a  small 
quantity  of  gold. 

(Addendum  to  Article  357,  p.  512.) 

3S9  &   Sirwigih  ef  Wrom§jkt  Mvm  Mid  Sieel, — 

Ultimate  Extension 

al    c      _  t    k  in  Fractions  < 

the  Square  Inch.  ^en^^ 

Coleford  Gun-metal —  ^ 

Weakest, 108970  "j  -190 

Strongest, 160540  V  F.*  -030 

Mean  of  ten  sorts, i3734oj  '^72 

•  For  deuils,  see  the  Mechanics'  Magazine  for  the  11th  October,  1861,  or  the 
Engineer  of  the  same  date. 


D-criptloaofM.teruL  Tt:i*SL'"'l:f:K'"'       ta  Faction,  of 


588 


CHAPTER  VI. 

OF  VARIOUS   UNDERGROUND  AND   SUBMERGED   STRUCTURES. 


Section  I. — Of  Tuwnds, 


390.  TvBMeb  !■  cscacnU. — ^As  tunnels,  compared  with  open  ex- 
cavationSy  are  an  expensive  and  tedious  class  of  works,  and  as  tiev 
form  inconvenient  portions  of  a  line  of  communication,  the  engineer 
should  study  to  avoid  the  necessity  for  them  as  far  as  possible. 
As  to  the  setting  out  of  tunnels,  see  Article  70,  p.  114. 
The  nature  of  the  strata  through  which  a  proposed  tunnel  is  t»' 
pasd  should  be  carefully  ascertained,  not  only  by  means  of  borings 
and  shafts,  but  in  some  cases  also  by  means  of  horizontal  or  nearlr 
horizontal  mines  or  drifts,  along  the  intended  course  of  the  tunneL 
Shafts  and  drifts  will  be  further  described  in  the  ensuing  articles. 

The  most  favourable  material  for  tunnelling  is  rock  that  is  sound 
and  durable  without  being  very  hard.  Great  hardness  of  thf 
material  increases  the  time  and  cost  of  tunnelling,  but  gives  rise  to 
no  special  difficulty.  A  worse  class  of  materials  are  those  which 
decay  and  soften  by  the  action  of  air  and  moisture,  as  some  days 
do ;  and  the  worst  are  those  which  are  constantly  soft  and  saturated 
with  water,  such  as  quicksand  and  mud. 

In  choosing  the  site  of  a  tunnel,  regard  should  be  had,  not  only 
to  the  natui*e  of  the  material,  and  to  the  shortness  and  directness  of 
the  tunnel,  but  to  the  facility  for  getting  access  to  its  course  at 
intermediate  points  by  means  of  shafts  and  driftis. 

The  engineer  should,  as  far  as  possible,  avoid  curved  tunnels, 
especially  those  in  which  the  cui-vature  is  so  sharp  or  so  extensive 
as  to  prevent  daylight  from  being  seen  through  from  end  to  end. 
As  to  the  figures  of  tunnels  which  require 
a  lining  of  brickwork  or  masonry  to  prevent 
fragments  of  rock  from  &lling  from  the  roof, 
or  to  sustain  the  pressure  of  earth,  and  as  to 
the  strength  and  stability  of  that  lining,  see 
Article  297  A,  pp.  433  to  435.  Fig.  266  y&  sn 
example  of  the  elliptic  form  described  in  that 
article,  with  an  inverted  arch  E  C  E  at  the 
floor.  The  parts  F  G,  G  F,  of  the  base, 
Ftg.  266.  which  directly  bear  the  side-walls  and  their 
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load,  are  horizontal.  O  is  the  centre  of  the  ellipse  E  B  A  B  E, 
B  B  the  minor  axis,  A  O  C  about  three-fourths  of  the  major 
axis. 

Tunnels  made  in  rock  that  is  so  sound  as  not  to  require  a 
lining  of  masonry  or  brickwork  to  prevent  pieces  of  it  from  fiiUing 
in,  may  be  made,  if  the  rock  is  igneous,  of  almost  any  shape  that  is 
most  convenient  for  the  traffic.  The  elliptical  or  horse-shoe  form 
already  described,  is,  however,  generally  adopted  for  the  sides  and 
top,  the  floor  being  level  In  stratified  rocks,  the  strongest  form 
for  the  roof  is  that  of  a  pointed  arch ;  though  a  flat  roof  has  been 
used  where  the  rock  consists  of  thick  layers,  and  has  few  natural 
joints. 

In  ordinary  tunnels,  measured  within  the  masonry  or  brickwork, 
the  dimensions  of  most  common  occurrence  ai*e — 

Height  Width. 

For  single  lines  of  railway,  20  ft  15  ft. 

For  double  lines  of  railway,  24  ft.  from  24  ft.  to  30  ft. 

For  navigable  canals, from  14  ft.  to  30  ft.,  from  14  ft.  to  30  ft. 

The  smaUnesa  of  tunnels  for  water-conduits  and  di'ains  is  limited 
by  the  least  dimensions  of  the  space  in  which  miners  can  work 
efficiently ;  that  is,  aboilt  4^  feet  high  and  3  feet  wide. 

The  best  source  of  information  on  the  consti*uction  of  tunnels  is 
Mr.  F.  "W.  Simms's  work  On  Practwal  Tunnelling. 

391.  siMfis  or  Pits. — Shafts  or  pits  are  sunk  for  three  purposes: 
to  ascertain  the  natiu^  of  strata  to  be  excavated,  as  already 
mentioned  in  Article  187,  p.  331,  when  they  are  called  trial 
shafts;  to  give  access  to  a  tunnel  when  in  progress,  for  the  pur- 
pose of  canying  on  the  work,  removing  the  mateiial  excavated, 
admitting  fresh  and  discharging  foul  air,  and  pumping  out  water, 
when  they  are  called  working  shafts;  to  admit  light  and  fresh  air 
at  intervals  to,  and  remove  foul  air  from,  a  tunnel  when  completed, 
when  they  are  called  permaneni  shafts, 

L  Tried  Shafts  are  in  general  sunk  at  or  near  the  centre  line  of 
the  proposed  tunnel.  Their  transvei-se  dimensions  are  fixed  mainly 
with  a  view  to  convenience  in  sinking  them.  Six  feet  is  an  ordinary 
diameter  for  a  round  trial  shaft;  six  feet  by  four  are  ordinary 
dimensions  for  rectangular  shafts.  The  shape  is  regulated  by  the 
material  to  be  used  in  lining  the  shaft,  being  rectangular  in 
timbered  shafts,  and  cylindrical  in  those  that  are  steined  or  lined 
with  stone  or  brick. 

The  number  and  distance  apart  of  trial  shafts  are  to  be 
determined  after  previous  boring,  in  the  same  manner  as  for  a 
deep  cutting  (Article  187,  pp.  331,  332);  that  is  to  say,  no  general 
rule  can  be  laid  down  on  the  subject;  but  the  engineer  must,  to 
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the  best  of  his  judgment,  sink  snch  shafts  as  are  DeoesBury  in  (oder 
to  give  him  an  accurate  knowledge  of  the  strata  to  be  eiLcaTsted. 

IL  Working  Shafts  may  be  either  rectangular  or  round.  TVir 
usual  transYerse  dimensions  range  from  6  feet  to  9  feet;  the  greater 
diameter  is  advantageous,  because  of  its  admitting  of  laige  quantities 
of  material  being  raised  and  lowered  at  a  time.  Their  distance 
apart  varies,  in  ordinaiy  cases,  from  50  to  300  yards.  In  some 
cases,  however,  it  has  been  found  necessary  to  place  them  as  dose  as  20 
or  30  yards  apart,  for  the  purpose  of  dij»charging  foul  air;  while  in 
other  cases  the  height  of  the  ridge  to  be  tunnelled  through  has 
rendered  the  sinking  of  shafts  impracticable  for  very  long  distances. 
An  extreme  example  of  the  last  case  is  the  tunnel  now  in  progress^ 
through  Mont  Cenis,  which,  when  complete,  will  be  eight  miles 
long,  and  which  must  be  excavated  entirely  from  the  two  ends, 
without  the  aid  of  shafts. 

The  range  of  working  shafts  of  a  tunnel  may  lie  either  along  iU 
centre  line,  or  in  a  line  parallel  to  the  centre  line,  at  an  uniform 
distance  to  one  side.  When  the  latter  system  is  adopted,  the 
object  is  to  keep  the  shafts  clear  of  the  excavation  and  building  d 
the  tunnel,  with  which  they  are  connected  by  cross  diifta 

When  a  working  shaft  is  to  be  used  in  order  to  drain  the  tunnel 
of  water  as  the  work  proceeds,  it  is  sunk  to  such  a  depth  below  tbe 
bottom  of  the  excavation  as  to  form  a  sufficient  reservoir  for  water, 
called  a  "  eiimpy'  from  which  the  water  is  raised  by  a  windlass  and 
buckets,  or  by  a  pump.  The  most  convenient  form  of  bucket  is 
one  that  is  hung  in  a  stirrup  by  a  pair  of  trunnions  whose  axis 
nearly  traverses  the  centre  of  gitivity  of  the  bucket  When 
lowered,  the  bucket  is  held  upright  by  a  catch ;  and  after  it  has  been 
raised,  the  removal  of  the  catch  allows  it  to  be  easily  tilted  o?er,  in 
order  to  discharge  the  water. 

III.  Permanent  Shafts  are  in  general  working  shafts  that  hare 
been  made  permanent  parts  of  the  structure,  the  brick  lining  of 
each  being  supported  on  a  permanent  ewrhy  or  suitably  formed  ring 
of  brickwork,  or  of  cast  iron,  surrounding  a  circular  orifice  in  the 
roof  of  the  tunnel.  The  top  of  each  shaft  is  protected  by  being 
surrounded  with  a  wall,  and  covered  with  a  grating. 

Permanent  shafts  are  occasionally  met  with  of  a  diameter  as 
great  as,  or  greater  than,  that  of  the  tunnel  For  example,  the 
shafts  at  the  ends  of  the  Thames  tunnel  are  50  feet  in  diameter; 
the  tunnel  itself  consisting  of  a  pair  of  archways,  each  14  feet 
in  clear  width,  and  the  entire  width  of  passages  and  brickwork 
being  37^  feet 

IV.  Sinking  Shafts  in  sound  rock  is  performed  simply  by  the 
operations  of  blasting  and  quarrying,  as  already  described  in 
Article   207,   p.    344.     In  order  to  be  safe  from  the  effiscts  of 
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explosions,  the  workmen  should  ascend  to  a  height  of  50  or  60  feet 
above  the  bottom  of  the  shaft  (if  it  is  so  deep),  before  each  blast  is 
fired.  The  noxious  fumes  produced  by  the  powder  may  be  partially 
dispersed  or  absorbed  by  dashing  in  a  bucket  of  water;  but  a  more 
efficient  plan  of  ventilation,  especially  in  deep  shafts,  is  either  to 
extract  the  foul  air  through  a  sheet  iron  tube  leading  up  to  a 
furnace  or  to  an  exhausting  fan,  or  to  blow  fresh  air  down  by 
means  of  a  fan  through  such  a  tube. 

Ventilating  apparatus  is  indispensable  when  foul  air  (such  as 
carbonic  acid  gas,  or  ^'  choke  damp  ")  or  inflammable  gas  {"  fire 
damp")  is  disengaged  from  the  strata  that  are  traversed  by  the 
shaft. 

When  water  flows  into  the  shaft,  it  is  to  be  collected  at  the 
bottom  in  a  "  sump"  or  well  of  smaller  diameter  than  the  shaft, 
and  raised  by  buckets,  or  by  pumping,  either  to  the  surface  of  the 
ground  or  to  some  diiffc  through  which  it  can  be  discharged. 

V.  Sinking  Timbered  Shafts. — A  shaft  simk  through  soft 
materials,  or  through  loose  rock,  must  be  lined  with  timber, 
masonry,  or  brickwork. 

The  principal  pieces  in  the  timbering  of  a  shaft,  as  well  as  in  the 
timbering  of  drifts,  tunnels,  and  underground  excavations  in  general, 
may  be  distinguished  into  props,  which  are  struts  or  posts,  either 
vertical  or  raking,  and  usually  of  round  timber;  sills  and  bars,  being 
horizontal  pieces,  sometimes  round  and  sometimes  squared;  and 
deading  or  boards.  Props  are  combined  with  sills  or  bars  into  frame- 
work simply  by  abutting  joints  at  their  ends, 
which  are  made  fast  in  their  places  by  the 
aid  of  spikes  called  "  brobs,"  of  the  shape 
shown  in  fig.  267,  and  usually  about  6  inches 
long.  Fig.  268  represents  the  foot  of  a  prop 
resting  on  a  sill,  and  made  fast  with  four 

brobs,  of  which  three  are  shown.     The  shape 

of  the  head  of  a  brob  enables  it  to  be  knocked  Fig.  267.        Fig.  268. 
out  as  easily  as  it  is  driven  in. 

Fig.  269  is  a  section  of  a  square-timbered  shaft  of  about  9  feet 
square.  The  timbering  consists  of  horizontal  square  frames  or  "  set- 
tings "one  at  every  six  feet  of  depth  or  thereabouts,  each  made  of  four 
square  sills  of  12  inches  X  12  inches,  supported  by  round  props  of 
8  or  9  inches  diameter,  and  clad  outside  with  vertical  '^poling 
boards"  of  3  inch  deal.  The  shaft  having  been  sunk  and  timbered 
as  far  as  the  earth  will  stand  for  a  time  vertical,  the  further  sinking 
is  effected  as  follows : — In  the  centre  of  the  bottom  of  the  shaft  a 
small  ])it  is  dug,  at  the  bottom  of  which,  at  A,  is  laid  a  small  plat- 
form of  boards;  then  by  cutting  notches  in  the  sides  of  the  pit, 
"  raking  props  "  such  as  those  shown  by  dotted  lines,  are  inserted; 
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their  lower  ends  abutting  against  a  "/oot-block^  at  A,  and  tb^ 
upper  ends  against  the  lowest  setting,  so  as  to  give  it  a  tempoiary 
support  The  pit  is  then  eulai^ged  to  the  dimensions  of  the  shaft 
above;  vertical  poling  boards  are  set  ap  against 
its  sides,  with  their  upper  ends  behind  the  tem- 
porarily supported  square  setting,  and  their  lover 
ends  behind  a  new  square  setting,  laid  on  the  bot- 
tom of  the  excavation ;  vertical  props  are  inserted 
between  those  settings,  and  made  fieiist;  the  raking 
props  and  their  foot-blocks  are  taken  away;  a 
new  small  pit  is  dug,  and  so  on  as  before.  Care 
should  be  taken  that  the  earth  presses  firmly 
against  the  poling  boards.  Should  streams  of 
water  come  in  through  the  chinks  between  the 
boards,  the  tendency  of  those  streams  to  cany  with 
them  particles  of  sand,  and  so  to  leave  cavities  in 
Fig.  269.  the  earth,  may  be  counteracted  by  stuffing  strav^ 

behind  the  boards. 
VI.  Sinking  Stone  or  Brick-lined   Shafts  (which   are  usually 
cylindrical)  may  be  effected  in  two  ways ;  by  " underpinning"  or 
by  a  "  drum-curhJ'^ 

To  sink  a  shaft  by  underpinning,  it  is  first  dug  as  deep  as  the 
earth  will  stand  vertical.  At  the  bottom  of  the  excavation  ib  laida 
"  cur6;"  that  is,  a  flat  ring,  whose  internal  diameter  is  equal  to  thf 
intended  clear  diameter  of  the  shaft,  and  its  breadth  equal  to  the 
thickness  of  the  brickwork  (usually  9  inches).  It  is  made  of  oak  or 
elm  planks  3  or  4  inches  thick,  either  in  one  layer  fished  at  the 
joints  with  iron,  or  in  two  layers  breaking  joint,  and  spiked  or 
screwed  together.  On  this,  to  line  the  first  division  of  the  shaft,  a 
cylinder  of  biickwork  is  built  in  hydraulic  mortar  or  cement  In 
the  centre  of  the  floor  is  dug  a  small  pit,  as  described  in  Division 
V.  of  this  article,  at  the  bottom  of  which  a  platform  and  foot-blocb 
supjSort  raking  props,  which  are  inserted  to  give  temporary  support 
to  the  curb  with  its  load  of  brickwork ;  the  pit  is  enlarged  to  thf 
diameter  of  the  shaft  above ;  on  the  bottom  of  the  excavation  is 
laid  a  new  curb,  on  which  is  built  a  new  division  of  the  brickwork, 
giving  permanent  support  to  the  upper  curb ;  the  raking  props  and 
their  foot-blocks  are  removed ;  a  new  pit  is  dug,  and  so  on  as  befon?. 
Care  shotdd  be  taken  that  the  earth  is  firmly  packed  behind  the 
brickwork,  and  that  the  shaft  is  carried  down  truly  vertical. 

A  Drum  Cwrh  (tig.  270),  which  may  be  made  of  timber  or  of  cau^ 
iron,  consists  essentially  of  a  flat  ring  for  supporting  the  brickwork, 
and  of  a  vertical  hollow  cylinder  or  drum,  of  the  same  outside 
diameter  as  the  brickwork,  supporting  the  ring  on  its  upper  edge, and 
bevelled  to  a  sharp  edge  below.     The  diTim  may  be  streng&ened 
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if  necessary  by  an  additional  ring,  and  its  connection  with  the  rings 
made  more  secure  by  brackets,  as  shown  in  the  figure. 

When  the  shafb  has  been  sunk  as  far  as  the  earth  will  stand 
vertical,  the  drum-curb  is  lowered  into  it,  and  the  building  of  the 
brick  cylinder  commenced,  care  being  taken  to 
complete  each  course  of  bricks  before  laying 
another,  in  order  that  the  curb  may  be  equally 
loaded  all  round.     The  earth  is  dug  away  from 


the   interior    of  the   drum;    and  this,  together       /y/i//  11  \\|^\ 
with  the  gradually  increasing  load  of  brickwork,      /  IJ_  H   ||  \^  \  \ 
causes  the  sharp  lower  edge  of  the  drum  to  sink 
into  the  earth ;  and  thus  the  digging  of  the  shafb 
at  the  bottom,  the  sinking  of  the  drum-curb,  and 
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the  brick  lining  which  it  carries,  and  the  build-  Fig.  270. 

iDg  of  the  brickwork  at  the  top,  go  on  together. 

Great  care  must  be  taken  so  to  regulate  the  digging  that  the 
shaft  shall  sink  vertically. 

Should  the  friction  of  the  earth  against  the  outside  of  the  shaft  at 
length  become  so  great  as  to  stop  its  descent,  before  the  requisite 
depth  is  attained,  a  smaller  shaft  may  be  sunk  in  the  interior  of  the 
first  shaft     A  shaft  so  stopped  is  said  to  be  "  earth-fast" 

VII.  Tempora/ry  Sv/pport  of  Working  Shafts, — ^When  a  working 
shaft  is  sunk  in  the  centre  line  of  an  intended  tunnel,  it  is  obvious 
that  the  completion  of  the  excavation  for  the  tunnel  will  remove 
the  support  from  below  the  lining  of  the  shaft,  which  support  will 
only  be  replaced  when  the  arching  of  the  timnel  is  completed. 

There  are  two  modes  of  giving  temporary  support  to  the  shaft, 
from  below  and  from  above. 

Support  ftt>m  below  is  given,  if  the  ground  is  solid  enough,  by 
means  of  a  pair  of  strong  parallel  sills,  say  15  inches  square,  and  10 
feet  longer  than  the  intended  span  of  the  tunnel  Each  of  these  is 
sent  down  the  shaft  in  three  pieces,  which  are  inserted  into  small 
horizontal  drifts  running  at  right  angles  to  the  line  of  tunnel,  about 
3  or  4  feet  above  its  intended  roof,  and  are  there  scarfed  together. 
The  drifts  are  then  rammed  up.  The  distance  between  the  two 
sills  is  equal  to  the  clear  width  of  the  shaft.  They  support  a  square 
frame,  which  supports  the  lowest  curb  of  the  part  of  the  shaft  to  be 
carried. 

Should  the  material  be  too  soft  to  admit  of  this  mode  of  support, 
the  two  sills  (each  of  which  may  now  be  in  one  piece)  are  to  be 
laid  on  the  surface  of  the  ground  over  the  mouth  of  the  shaft  across 
the  line  of  tunnel,  and  somewhat  closer  together  than  the  width  of 
the  shaft  The  lower  end  of  the  shaft  is  carried  by  a  strong 
wooden  frame,  which  is  hung  from  the  two  sills  by  means  of  four 
'^^'^ught  iron  suspending-rods  or  chains. 

2q 
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The  part  of  the  shaft  thus  temporarily  sapported  is  generally 
lined  with  brick;  the  part  below  the  temporaiy  support  is  lined 
with  timber,  which  is  removed  iu  the  course  <^  the  ezcavataon 
of  the  tunnel 

392.  Drills,  HtoM,  mr  Kcsdiiavi,  are  small  horizantal  or  inclined 
underground  passages,  made  in  order  to  explore  the  strata  in  the 
line  of  an  intended  tunnel,  to  drain  off  water,  and  to  fiicilitate  i^ 
lunging  of  the  line  and  levels  and  setting  out  of  the  works  (see 
Article  70,  p.  114),  the  access  of  the  workmen,  and  the  transport 
of  materials;  and  for  the  last-mentioned  purpose  they  are  often 
furnished  with  small  temporary  railways. 

I.  PosUiona  of  Principal  Htadingt, — The  working  shafts  of  » 
tunnel  are  almost  always  connected  together  by  means  of  a  head- 
ing, which  accordingly  runs  either  along  or  })arallel  to  the  centtv 
line  of  the  tunnel.  In  some  cases  the  heading  runs  along  the 
centre  line,  while  the  working  shafts  lie  at  one  side,  and  are  con- 
nected with  the  main  heading  by  cross  headings. 

When  a  tunnel  runs  through  a  steep  hill,  near  or  parallel  to  one 
of  the  sides  of  the  hill,  cross  headings  opening  above  ground  at  the 
hillside  may  be  used  instead  of  working  shafts;  but  such  case^ 
seldom  occur. 

In  tunnelling  through  soft  and  wet  ground  the  most  convenient 
level  for  the  principal  heading  is  at  or  near  the  bottom  of  the 
tunnel.  In  hard  and  dry  materials  it  may  be  placed  near  the  roof. 
Other  positions  will  be  mentioned  farther  on. 

IL  Thb  least  DimensUms  of  a  Heading  in  which  miners  can  con- 
veniently work  are  about  3  feet  broad  and  4^  or  5  feet  high. 

III.  Headings  in  Solid  Rock  are  driven  by  blasting  and  qoanv- 
ing,  as  to  which,  see  Article  207,  p.  344. 

Machinery  has  been  used  for  driving  headings.  The  m<^ 
remarkable  is  that  employed  at  the  tunnel  now  in  progress  through 
Mont  Oenis  (see  p.  590).  It  consists  of  a  number  of  horizonul 
jumpers,  driven  at  the  rate  of  about  200  blows  per  minute,  bj 
machinery  which  Ls  moved  by  compressed  air,  conveyed  into  tiie 
mine  through  a  pipe.  The  air  is  supplied  and  compressed  by 
hydraulic  machinery  near  the  outer  end  of  the  min&  As  in 
jumping  by  hand,  each  jumper  makes  a  portion  of  a  turn  after  ea(^ 
blow.  By  the  use  of  eight  jumpers  for  six  hours,  &om  60  to  70 
holes  of  3  feet  long  and  1^  inch  diameter  are  made  in  the  face  of 
the  rock  at  the  end  of  the  mine;  those  holes  are  then  used  for 
blasting  the  rock  by  gunpowder ;  and  the  progress  at  present  made 
is  about  a  yard  in  length  in  tea  hours,  of  a  heading  measuring  from 
10  to  13  feet  in  breadth  and  from  6^  to  10  feet  in  height  The  air 
used  to  drive  the  jumping  machines  is  said  to  be  sufficient  t^y 
ventilate  the  mine. 
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Fig.  271. 


IV.  Timbered  Headings, — Headings  in  loose  and  soft  mateiials 
are  lined  with  timber,  the  principal  parts  of  the  timbering  being, 
as  in  other  cases  of  the  timbering  of  excavations,  horizontal  pieces, 
props,  and  poling  boards.  Fig.  271  is  a  longitudinal  section  of  a 
heading  in  earth  proceeding  in  the  direction  shown  by  the  arrow. 
The  frames,  or  "  settings,"  are  placed  at  from  2  to  3  feet  apart,  and 
are  made  of  roimd  timber  5  or  6  inches  in  diameter,  so  that  the 
pieces  can  be  easily  handled  by  one  man.  The  section  shows  the 
ground-sills  resting  in  grooves  cut  in  the  floor,  the  props  stand- 
ing on  them,  the  upper  horizontal  pieces,  called  "  cap-sills," 
resting  on  the  props,  and  the  poling  boards  driven  between  the 
settings  and  the  sides  and  top  of  the 
excavation.  These  boards  are  usually 
from  I  inch  to  an  inch  thick.  In  run- 
ning sand  and  other  soft  and  wet 
materials,  poling  boards  are  laid 
under  the  bottom  sills  also,  so  as 
completely  to  enclose  the  heading ;  and 
straw  is  packed  ^behind  the  boards, 
to  keep  sand  from  running  in  through 

the  chinks.  The  operations  of  carrying  the  heading  forward  are  as 
follows: — Drive  a  set  of  poling  boards  forward  into  the  earth, 
between  the  last  setting  and  the  forward  ends  of  the  last  set  of 
poling  boards;  then  excavate  the  earth  within  the  new  set  of 
boards,  and  insert  a  new  setting,  and  so  on. 

V.  Preca%Uiona/ry  Borings.  —  In  driving  a  mine  through 
git)imd  in  which  it  is  possible  that  cavities  containing  large 
quantities  of  water  may  be  encountered,  borings  ought  to  be 
carried  forward  both  directly  and  obliquely  in  advance  of  the 
mine,  in  order  that  the  neighbourhood  of  such  cavities  may  be 
ascertained  in  time  to  guard  against  sudden  outbreaks  of  water  into 
the  mine,  and  that  the  water  accumulated  in  them  may  escape  by 
degrees  and  without  danger  through  a  bore-hole.  This  precaution 
is  especially  necessary  in  approaching  old  pits,  mines,  or  tunnels, 
which  are  very  generally  found  to  be  full  of  water. 

VI.  The  Cost  wnd  Labour  of  Mining ^  all  things  included,  such  as 
blasting,  timbering,  removing  water,  lights,  temi)orary  rails  and 
waggons,  Ac.,  vary  from  five  times  to  twenty  times  the  cost  and 
labour  of  excavating  the  same  quantity  of  the  same  material  in  the 
open  air. 

393.  Tmaeis  la  i»rr  and  8«iid  ii«ck  are  in  general  excavated  by 
driving  a  heading  immediately  below  the  intended  roof  of  the 
tunnel,  from  which  heading  the  excavation  is  extended  sideways 
and  downwards  by  blasting  and  quarrying. 

These  operations  require  labour  to  the  extent  of  from  three-fourths 
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of  a  day's  work  to  three  days'  work  of  a  miner  per  cubic  yard  of  rock, 
according  to  its  hardness,  being  considerably  more  than  is  lequii^ 
in  the  open  air. 

The  following  data,  on  the  authority  of  Becker,  show  the  & 
tribution  per  cent,  of  the  cost  of  excavating  a  railway  tnnnel  in 
Jura  limestone,  which  required  1*15  days'  work  of  a  miner  to 
excavate  each  cubic  yard : — 

Workmen's  wages, 45  per  cent 

Blasting  powder, 15         „ 

Fuses, 3         „ 

Lamp  oil, 8         „ 

Boring  tools, 29         „ 

100         „ 

This  tunnel  advanced  at  the  rate  of  about  a  foot  per  day. 

394.  Taaada  ta  Drr  FiMiareA  RmAl  require  brick  or  stone  srdi- 
ing  within,  to  guard  against  the  fall  of  portions  of  the  roof  Tbe 
most  convenient  way  to  make  them  is  in  general  to  commence  at  a 
heading  running  along  close  below  the  roof  of  the  excavation;  ^ 
extend  the  excavation  sideways  and  downwards  to  the  floor  at 
each  side  of  the  tunnel,  leaving  a  wall  of  rock  standing  in  tbe 
middle.  This  wall  is  used  as  a  pier  to  support  temporaiy  prof* 
(should  such  be  required)  for  the  roof  of  the  excavation,  and  also  to 
support  the  centres  for  the  arching,  which  is  carried  forward  «-' 
close  behind  the  excavation  as  the  convenience  of  working  '^ 
admit  When  the  arching  is  complete,  and  the  centres  struck,  ^ 
central  wall  of  rock  is  cut  away. 

All  hollows  between  the  brickwork  and  the  rock  should  be  cax^ 
fully  filled  with  concreta 

The  labour  of  executing  brickwork  in  tunnels  (including  cnst  of 
lights)  is  about  double  of  that  of  executing  the  same  quality  of 
brickwork  above  ground. 

395.  Tameia  la  Sell  Maierimis,  whether  such  as  are  soft  from  tbe 
first,  or  such  as  become  soft  by  exposure  to  air  and  moisture,  li^ 
some  kinds  of  day,  require  timbering  to  support  the  sides  and  ^P 
of  the  excavation,  constructed  on  the  same  principles  with  tiiftt  ot 
headings. 

In  such  timnels  a  principal  heading  is  in  general  required  at  the 
level  of  the  floor,  for  purposes  of  drainage. 

The  excavation  of  the  tunnel  is  carried  on  in  various  ways;  tiiat 
which  will  here  be  described  is  the  method  of  which  a  detailed 
account  is  given  by  Mr.  Simms  in  his  Practical  Tunndlviff,  ^ 
having  been  practised  at  Blechingley  tunnel  and  Saltwood  tuuQ^l' 
the  former  in  blue  shale,  and  the  latter  in  sand. 
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The  tunnel  is  executed  in  lengthsy  each  of  about  12  or  15  feet. 
These  are  designated  as  follows,  in  the  order  in  which  they  are 
executed : — 

Side  lengths,  on  each  side  of  a  working  shaft. 
Leading  lengths,  in  prolongation  of  the  tunnel  from  the  side  lengths. 
Junction  lengths,  where  two  portions  of  the  tunnel  meet  midway 
between  two  shafts. 

Shaft  lengths,  directly  under  the  working  shafts. 
The  first  operation  in  commencing  a  side  length,  leading  length, 
or  junction  length,  is  to  drive  a  heading  at  the  top  of  the  excavation, 
whose  roof  must  be  1^  or  2  feet  above  the  intended  top  of  the 
brickwork. 

From  that  heading  the  excavation  is  extended  sideways  and 
downwards  by  a  process  exactly 
like  that  of  driving  a  heading,  as 
shown  in  fig.  272,  which  is  a  cross- 
section  of  the  excavation,  after  it 
has  been  extended  a  short  distance 
to  the  right  of  the  top  heading.  The 
earth  is  supported  by  poling  boards, 
which  are  supported  by  strong  hori- 
zontal timbers  called  bars,  8  or  10 
inclies  in  diameter.  The  after  ends 
of  these  bars  are  supported, — 

In  side  lengths,  by  props  resting 
on  the  ftamework  of  the  working 
shaft; 

In  all  other  lengths,  by  the  top 
of  the  arch  of  the  previous  length ; 

And  they  are  kept  asimder  by 
four  or  five  short  struts  between 
each  pair.  The  forward  ends  of  the 
bars  rest  on  props,  each  of  which 
stands  on  a  foot-block. 

Fig.  273  is  a  longitudinal  section, 
showing  the  timbering  of  the  ex- 
cavation of  a  length  of  the  tunnel 
when  complete;  the  pieces  being 
numbered  in  the  order  in  which  they 
are  put  in. 

A  are  bars  already  mentioned, 
covered  with  poling  boards. 

B,  props  resting  on  foot-blocks,  and  covered  with  poling  boards. 
When  the  excavation  has  been  carried  down  to  the  level  of  these 
foot-blocks,  there  is  inserted — 


-J    t±d:j  t^rh  'J:::2 
Rg.  272. 


Fig.  278. 
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C,  a  strong  sill  (say  13  inches  sqoare),  sent  down  in  two  pe(x$ 
and  scarfed  together.  It  extends  completely  across  the  excaTation, 
and  1^  or  2  feet  into  the  earth  at  each  side;  and  at  first  rests  on 
the  eartL 

D,  props  inserted  so  as  to  rest  on  the  sill  C  and  sappoit  ihe 
bars  A.     Places  are  now  cut  to  receive 

Ey  struts,  2  or  3  in  number,  10  inches  in  diameter,  or  thereabouts, 
whose  forward  ends  abut  against  the  sill  C,  and  their  backwanl 
ends  in  side  lengths  against  the  timbering  of  the  shaft,  and  in 
other  lengths  against  notches  in  the  completed  brickworic 

The  excavation  being  by  degrees  carried  down,  there  are  in- 
serted— 

F,  raking  props  below  the  sill  0,  standing  on  foot-blocks,  and 
covered  in  front  with  poling  boards.  When  the  excavation  hi» 
been  carried  down  to  the  level  of  the  foot-blocks,  there  is  inserted— 

G,  a  lower  sill,  similar  to  0 ;  and  this  is  ultimately  supported 
and  kept  in  its  place  by  struts  I  and  raking  props  K,  in  the  euae 
manner  with  C. 

L  is  part  of  the  bottom  heading. 

The  bottom  c^  the  excavation  is  formed  with  great  accuracy  to 
receive  the  invert,  or  inverted  arch,  which  forms  the  base  of  the 
brickwork,  the  levels  being  set  out  as  described  in  Article  70, 
]).  116.  The  invert  and  side  walls  are  built  according  to  moulds, »« 
described  in  Article  252,  p.  392;  and  the  arch  of  the  roof  upon 
centres,  consisting  of  three  ribs  under  each  lengtL  The  best 
centres  have  ribs  of  iron,  with  screws  under  eadi  laggin.  The 
centres  aro  usually  supported  on  cross  sills,  which  are  themselves 
supported  partly  by  posts  resting  on  the  floor,  and  partly  by  their 
ends  being  inserted  into  holes  in  the  side  walls,  which  aro  buiit  np 
after  the  centres  aro  struck. 

After  the  brickwork  of  a  length  has  been  built,  most  of  the 
crown  bars  which  lie  above  the  aroh  can  be  pulled  forward  so  as  to 
serve  for  the  next  length;  those  which  resist  this  must  be  lell 
All  spaces  between  the  brickwork  and  the  earth  must  be  carefnHj 
rammed  up. 

The  following  was  the  distribution  of  the  cost  of  Blecfaii^l^ 
tunnel,  according  to  Mr.  Simms : — 

Materials.  Per  Cent 

Bricks, 30J 

Cement, 11 

Timber, 11^ 

Ironwork, 2^ 

Miscellaneous, 6| 

Carried  forward, 62 
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Brought  forward, 62 

Labour. 

Mining — Shafts,  heading,  Ac., s\ 

„         Tunnelling, 15I 

19 

Brickwork, 12 

AIlSCELLANBOUS  EXPENSES, 

Such  as  tunnel  entrances,  culvert,  machineiy, 

buildings,  inspection,  &c., 7 


The  total  cost  per  yard  forward  was  about  £72;  the  clear 
dimensions  of  the  tunnel  being  24  feet  X  24  feet,  and  the  brickwork 
from  1  foot  10^  inches  to  3  feet  thick. 

The  form  of  cross-section  is  that  already  given  in  fig.  266, 
p.  588. 

396.  Taaael  Fmmis— Draiaage. — ^A  tunnel  front  consists  of  span- 
dril  walls  above  the  arch,  and  wing  walls  at  each  side,  like  those 
of  a  bridge.  To  securo  the  end  of  the  aroh  against  the  tendency 
of  the  slope  of  earth  above  it  to  push  it  outwards,  it  may  be  ti^ 
back  by  longitudinal  iron  rods  to  a  horseshoe-shaped  curb  of  cast 
iron,  built  into  the  brickwork  at  a  distance  back  from  the  fix>ut 
about  equal  to  the  height  of  the  tunnel 

A  tunnel  which  has  no  invert  may  be  drained  by  means  of  a 
pair  of  side  drains,  like  a  cutting;  but  where  there  is  an  invert,  the 
main  drain  should  be  a  central  culvert,  of  which  the  invert  itself 
may  form  the  floor. 

A  catch -water  drain  should  divert  the  sur£u)e  water  which  might 
otherwise  flow  over  the  tunnel  front. 

397.  Taaaellias  la  Had. — ^The  celebrated  tunnel  of  the  elder 
Brunei  under  the  Thames  consists  of  a  rectangular  mass  of  brick- 
work laid  in  cement,  37*5  feet  broad  and  22  feet  high,  containing  a 
pair  of  parallel  horseshoe  arehways,  each  14  feet  span  and  17  feet 
high,  which  are  connected  together  by  small  cross  arehways  at 
intervals.  The  least  thicknesses  of  the  brickwork  are,  at  the  crown 
of  the  areh  2^  feet,  at  the  base  of  the  invert  2^  feet,  at  the  sides  3 
feet,  in  the  central  wall  3^  feet.  The  whole  mass  of  brickwork 
rests  on  a  base  of  elm  planks  3  inches  thick. 

In  driving  this  tunnel,  the  place  of  the  timbering  of  the  ex- 
cavation described  in  Article  395,  was  supplied  by  a  machine 
called  a  "  shield,"  which  was  pushed  on  in  advance  of  the  brick- 
work at  a  distance  of  about  eight  feet.  The  shield  was  of  the  same 
dimensions  with  the  mass  of  brickwork.    It  consisted  of  twelve 


600  MATERIALS  AND  STRUCTURES. 

equal  and  similar  divisions  standing  verticallj  side  hy  side,  and 
capable  of  being  pushed  forward  to  a  short  distance  indepen<kntly 
of  each  other.  Each  division  consisted  of  a  cast  and  wrought  iron 
frame  about  3  feet  broad  (to  allow  a  small  space  between  the 
frames),  containing  three  stages  for  workmen.  It  had  two  cast  iron 
feet,  resting  on  the  floor  of  elm  planks;  on  these  feet  it  was  sup- 
ported by  a  pair  of  hinged  legs  of  lengths  adjustable  by  screws^  It 
had  an  iron  roof  extending"  back  to  the  brickwork,  and  a  pair  of 
jack-screws  at  the  top  and  bottom,  abutting  against  the  front  end 
of  the  brickwork,  to  push  it  forward.  The  several  frames  were  con- 
nected together  by  hinged  arms,  nearly  vertical,  to  enable  them  to 
afford  support  to  each  other  when  required.  The  spaces  at  each  ade 
of  the  shield,  extending  back  from  the  face  of  the  excavation  to  the 
brickwork,  were  guarded  by  iron  plates.  Elach  frame  had  in  front 
of  it,  extending  fh>m  top  to  bottom,  a  range  of  poling  boards;  each 
poling  board  was  3  inches  thick  and  6  inches  broad,  and  was 
pressed  against  the  material  in  front  by  a  pair  of  small  jack-screws 
abutting  against  the  frame. 

The  following  is  an  outline  of  the  process  of  excavation  with 
this  apparatus : — Take  out  the  uppermost  poling  board  in  front  of 
a  frame,  cut  away  about  3  inches  of  the  stuff  in  front,  replace  the 
poling  board,  with  its  screws  now  abutting,  not  against  Uie  frame 
directly  behind  it,  but  against  the  two  frames  at  each  side  of  that; 
screw  it  forward  till  it  again  presses  against  the  eartk  Proceed  in 
this  way  till  the  whole  range  of  poling  boards  have  been  advanced 
three  inches,  their  screws  abutting  against  the  two  frames  at  each 
side  of  their  proper  frame ;  shorten  the  legs  of  the  latter  frame  so 
as  to  lift  its  feet,  and  advance  them ;  then  push  forward  the  frame 
six  inchM  by  means  of  its  large  abutting  screws :  it  is  supposed  to 
have  been  previously  three  inches  behind  the  adjoining  frames,  and 
is  now  three  inches  in  advance  of  them.  Repeat  the  whole 
operation  of  advancing  the  poling  boards,  restoring  their  screws  to 
their  proper  frame.  This  entire  operation  having  been  performed  on 
six  alternate  frames  at  the  same  time,  the  same  operation  is  per- 
formed on  the  other  six  alternate  frames,  and  so  on  until  the  whole 
shield  has  been  advanced  far  enough  to  admit  of  a  new  ring  of  brick- 
work being  built.  In  order  to  advance  the  brickwork  behind  a 
given  frame  of  the  shield,  the  poling  boards  of  that  frame  must 
have  their  screws  abutted  against  the  adjoining  frame,  so  that  the 
great  abutting  screws  may  be  removed  from  the  front  of  the  part  of 
the  brickwork  which  is  in  progress. 

The  shafts  at  the  two  ends  of  the  timnel  have  been  mentioned 
in  Article  391,  p.  590.  The  Botherhithe  shaft  was  sunk  38  feet 
on  a  drum-curb,  and  about  as  much  farther  by  underpinning;  the 
Wapping  shaft  was  sunk  to  its  whole  depth,  72  feet,  on  a  drum-curK 
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(For  details  of  the  Thames  tunnel,  see  Weale's  Quarterlt^  Papers 
on  Engineering.) 

The  Thames  tunnel  cost  £1,137  per  yard  forward,  or  nearly 
J&12  5s.  per  cubic  yard  of  its  entire  bulk. 

Section  II. — 0/  Timber,  Iron,  and  Submerged  Foundations, 


398.  Oeacnd  PrinclplM—SnbaienKed  F«oadatiMis. — Foundations 
-w^hich  can  be  executed  by  the  use  of  earthwork  and  masonry  alone 
have  already  been  treated  of  in  Chapter  III.  of  this  Part,  Section 
IV.,  Articles  235  to  239,  pp.  377  to  382.  The  present  section 
relates  to  those  foundations  which  involve  the  use  of  structures  in 
timber  and  iron,  and  of  operations  under  water. 

The  general  principles  already  explained  with  reference  to 
ordinary  foundations,  viz.,  that  the  base  should  be  as  nearly  as 
possible  perpendicular  to  the  resultant  pressure,  and  that  the  centre 
of  pressure  should  not  deviate  from  the  centre  of  figure  of  the  base 
beyond  certain  limits,  are  applicable  to  the  foundations  considered 
in  the  present  section  also.  The  mathematical  expression  of  those 
principles  has  been  given  in  Articles  236,  237,  pp.  377  to  380. 

In  calculations  respecting  the  stability  of  structures  whose 
foundations  are  submerged  in  water,  it  is  to  be  borne  in  mind  that 
the  pressure  of  the  water  on  the  immersed  part  of  the  structure  has 
the  same  effect  as  if  the  weight  of  that  part  were  diminished  by  an 
amount  equal  to  the  weight  of  an  equal  volume  of  water;  that  is, 
as  if  the  heaviness  of  the  immersed  part  of  the  structure  were 
diminished  by  624:  lbs.  per  cubic  foot.  (See  Article  107,  Division 
IT.,  p.  165.) 

399.  VoaadattoBfl  •■  Tiaiber  piatf^nu  are  employed  where  the 
ground  is  too  soft  and  wet  for  the  expedients  mentioned  in  Article 
239,  p.  381.  The  best  European  timber  for  such  platforms  is  elm 
or  oak.  Beams  of  from  10  inches  to  1  foot  square  are  laid  about  3 
feet  apart,  in  two  layers,  crossing  each  other  so  as  to  form  a  grat- 
ing, the  space  between  them  is  filled  with  concrete,  and  above 
them  is  laid  a  layer  of  planking,  3  or  4  inches  thick,  on  which  the 
building  rests.  Another  mode  of  constinicting  such  platforms  is  to 
lay  several  layers  of  planks  and  pin  them  together.  In  order  that 
timber  platforms  may  be  durable,  they  should  be  constantly  wet. 

400.  WomndtkUmmm  •n  !*•■  piatr«ms  are  of  too  recent  intn)duction 
to  be  yet  capable  of  reduction  to  general  principles.  As  a  practical 
example,  however,  of  a  platform  of  this  kind,  may  be  cited  the  cast 
iron  invert  lately  substituted  for  a  stone  invert  in  a  lock  at  Grange- 
mouth, as  described  in  a  paper  by  the  engineei',  Mr.  Milne  (see 
TrcmsactionsqftJie  In^titvJtion  ofEngin^eere  in  Scotland  for  1859-dO). 
The  lock  is  30  feet  broad;  the  depth  of  water  18  feet  6  inches;  the 
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side  wails  about  8  feet  thick  and  20^  feet  high;  the  invert  in 
question  consists  of  a  series  of  trough-shaped  cast  iron  girdars,  lying 
close  together  side  bj  side,  and  bolted  to  each  other  through  their 
vei*tical  sides ;  each  of  them  is  2  feet  broad,  21  inches  deep  at  the 
springing,  12  inches  deep  at  the  centre  of  the  invert,  and  2  inches 
thick ;  €«ch  of  their  vertical  sides  has  a  flat  horizontal  flange  at  ^ne 
top,  4  inches  broad.  The  trough-shaped  interior  of  each  girder  is 
filled  with  concrete,  covered  with  a  layer  of  bricks  laid  in  cement 

401.  9hmn  Piles  are  driven  in  order  to  compress  and  consolidate 
the  soil.  They  are  usually  of  round  timber,  fix>m  6  to  9  inches  in 
diameter,  and  from  6  to  12  feet  long,  and  are  planted  as  dose  to 
each  other  as  is  practicable  without  causing  the  driving  of  one  pile 
to  make  the  others  rise.  The  outside  row  of  piles  should  be  driv^i 
first,  then  the  next  within,  and  so  on  to  the  centre.  The  mass  of 
consolidated  soil  and  piles  thus  produced  may  be  regarded,  as 
respects  the  relation  between  its  bulk  and  the  losid  that  it  can  bear, 
in  the  same  light  as  if  a  trench  had  been  dug  of  the  same  volume, 
and  filled  with  a  stable  material ;  as  to  which,  see  Article  239, 
p.  381.  On  the  top  of  the  piles  may  be  placed  either  a  platform,  a 
layer  of  concrete,  or  both. 

402.  BMrtas  Pii«a  act  as  pillars,  each  supporting  its  share  of  the 
weight  of  the  building.  They  may  either  be  driven  through  the 
soft  stratum  until  they  reach  a  firm  stratum  and  penetrate  a  abort 
distance  into  it ;  or,  if  that  be  impracticable,  they  may  be  supported 
wholly  by  the  friction  of  the  soft  stratum.  It  appears  &om  pmctical 
examples  that  the  limits  of  the  safe  load  on  piles  are  as  follows : — 

For  piles  driven  till  they  reach  the  firm  ground,  1,000  lbs.  per 

square  inch  of  area  of  head. 
For  piles  standing  in  soft  ground  by  friction,  200  lbs.  per  square 

inch  of  area  of  head. 

The  diameters  of  long  piles  range  from  9  inches  to  18  indies,  and 
should  never  be  less  than  l-20th  of  the  length.  Their  distance  firom 
centre  to  centre  averages  about  3  feet,  and  is  seldom  less  than  2^  feet 

The  best  material  for  them  is  elm,  which  should  be  chosen  a:^ 
straight-grained  as  possible.  The  bark  should  be  removed,  and 
knots  or  rough  projections  smoothed  oiSl 

Piles  should  be  driven  with  the  butt  or  natural  lower  end  of  the 
timber  downwands.  It  is  roughly  sharpened  to  a  point  whose 
length  is  from  1^  times  to  twice  its  diameter;  and  should  stones  or 
other  hard  materials  occur  in  the  strata  to  be  pierced,  the  point 
must  be  fitted  with  a  "  shoe"  of  cast  or  wrought  iron,  fBustened  on 
with  spikes.  The  weight  of  these  shoes  averages  about  1-lOOth  part 
of  that  of  the  piles. 

To  prevent  the  head  of  a  pile  firom  being  split  or  bruised  by  the 
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blows  of  the  "  rami'^  used  in  driying  it,  it  is  bound  with  a  wrought 
iron  hoop. 

Pile-driving  engines  are  of  various  kinda  The  simplest  is  the 
"  rvngiy^jg  engiTie^'  in  which  the  ram,  weighing  about  800  lbs.,  and 
moving  between  timber  guides,  is  attached  to  one  end  of  a  rope 
which  passes  over  a  pulley.  The  other  end  of  the  rope  branches  out 
into  a  number  of  smaller  ropes,  each  held  by  a  man,  in  the  pro- 
portion of  one  man  for  each  40  lbs*  weight  of  the  ram,  or  there- 
abouts. The  men,  pulling  all  together,  li^  the  ram  3  or  4  feet,  and 
on  a  given  signal,  let  go  all  at  once,  so  as  to  drop  it  on  the  head  of  the 
pile.  It  is  found  that  they  work  most  effectively  when,  after  every 
3  or  4  minutes  of  exertion,  they  have  an  interval  of  rest ;  and  under 
these  circumstances  they  can  give  about  4,000  or  5,000  blows  per 
day. 

In  the  ^^ monkey  engine^^  the  ram,  weighing  about  400  lbs.,  and 
held  by  a  staple  in  a  pair  of  tongs,  is  drawn  up  10  feet,  15  feet,  or 
higher  if  necessary,  by  means  of  a  windlass ;  at  the  top  of  the  lift 
the  handles  of  the  tongs  come  in  contact  with  two  inclined  planes 
which  cause  them  to  let  the  ram  fall ;  the  tongs  are  then  lowered, 
and  liave  jaws  so  shaped  that  on  reaching  the  staple  at  the  top  of 
the  ram  they  lay  hold  of  it  again.  The  windlass  may  be  driven  by 
men,  horses,  or  steam  power. 

The  steam  hammer  is  sometimes  used  for  driving  piles ;  and  also 
an  engine  somewhat  on  the  same  principle,  in  which  the  ram  is 
lifted  by  the  pressure  of  compressed  aii*.  In  such  machines  rams 
of  great  weight  are  sometimes  used,  such  as  1  ton,  or  a  ton  and 
a-hal£ 

Piles  may  be  driven  in  a  direction  either  vertical  or  raking,  ac^ 
cording  to  the  position  of  the  guides  between  which  the  ram  aUdes. 
That  direction  should  be  paiullel  to  that  of  the  pressure  which  they 
are  to  resist. 

When  the  head  of  a  pile  is  to  be  driven  below  the  reach  of  the 
stroke  of  the  ram,  the  blow  is  transmitted  from  the  ram  to  the  pile 
by  means  of  an  intermediate  short  post  of  timber  called  a  ^^ punchy* 
oT^'doUyr 

According  to  some  of  the  best  authorities,  the  test  of  a  pile's 
having  been  sufficiently  driven  is,  that  it  shall  not  be  driven  more 
than  on&fijlh  of  an  inch  by  thirty  blows  of  a  ram  weighing  800  lbs. 
and  falling  5  feet  at  each  blow ;  that  is  to  say,  by  a  series  of  blows 
whose  total  mechanical  energy  amounts  to 

30  X  800  X  5  =  120,000  foot-pounds.* 

*  The  (bUowiDg  fbnnala  show  the  relation  between  the  blow  required  to  drive  a 
pile  a  given  depth,  and  the  greatest  load  that  it  will  bear  withoat  sinking  fhrther, 
suppoehig  it  to  be  supported  by  an  uniformly  distributed  friction  against  its  sides. 
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Piles  are  drawn,  when  required,  by  means  of  the  hydimnlic 
press. 

When  a  firm  stratum,  into  which  the  points  of  a  set  of  piles  are 
driven,  underlies  a  stratum  so  soft  that  their  lateral  stabilily  is 
doubtful,  a  mass  of  loose  stones  may  be  thrown  in  round  them  to 
give  them  the  steadiness  which  they  wantw 

After  the  driving  of  a  set  of  piles  has  been  completed,  their 
heads  are  to  be  sawn  off  to  the  height  required  for  the  support  of 
the  platform. 

The  soft  ground  round  the  tops  of  the  piles  is  then  to  be  scooped 
out  to  a  depth  which  in  ordinary  cases  ranges  from  3  to  5  feet,  and 
the  space  filled  with  hydraulic  concrete,  laid  in  layen  not  exceeding 
1  foot  deep. 

The  platform  supported  by  the  piles  consists  of  a  grating  of 
beams  of  10  or  12  inches  square,  called  string-pieces  and  cross-fnece^ 
half-notched  into  each  other  over  the  heads  of  the  piles,  to  which 
they  are  fixed  by  treenails,  and  covered  with  planking  3  or  4  inches 
thick.  The  spaces  between  the  beams  of  the  grating  are  to  be 
filled  with  hydraulic  concrete.  The  beams  on  the  top  of  the  outei^ 
most  rows  of  piles  are  usually  made  so  deep  that  their  upper 
sur&oes  are  flush  with  that  of  the  planking,  which  is  rabbeted  into 
them ;  that  is,  sunk  in  a  groove.  Those  beams  are  in  this  case 
called  the  cappitig. 

Piles  may  be  driven  into  rock  by  first  jumping  holes  in  it  of  a 
little  less  diameter  than  the  piles. 

For  cast  iron  piles,  the  b^  form  is  that  of  a  tube.  To  prevent 
their  being  broken  by  the  blows  of  the  ram  in  driving  them,  a 

Let  W  be  the  weight  of  the  ram. 
A,  the  height  from  which  it  falls. 

X,  the  depth  through  which  the  pile  is  driven  by  the  last  blow. 
P,  the  greatest  load  it  will  bear  without  siuking  farther. 
S,  the  sectiooal  area  of  the  pile. 
A  its  length. 
E,  its  modulus  of  elasticity. 

Then  the  energy  of  the  blow  is  thna  employed: — 

pi; 
W  A  =  --       (employed  in  compressing  the  pile)  +  P  as  (employed  in  drtTi^g  it); 

and  consequently, 

[ESWA      4E»S»ai*\       2ES» 

~i —  +  ~7^ — ; — r 


•V(- 


Piles  are  usually  driven  until  P,  as  computed  by  this  formula,  is  between  2,000 
and  8,000  lbs.  per  square  inch  of  the  area  8 ;  and  as  their  wtnicing  load  ranges  ftooi 
200  to  1,000  lbs.  per  square  inch,  the  factor  of  safety  against  sinking  is  fitwi  S  to  10. 
The  factor  of  safety  against  direct  crashing  of  the  timber  should  not  be  lass  thm  10. 
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timber  punch  is  interposed  between  tbe  head  of  the  ram  and  the 
pile.  The  best  mode,  however,  of  driving  them,  is  by  the  aid  of 
the  screw,  which  will  be  mentioned  in  the  next  articla 

403.  Screw  Pil«a,  the  invention  of  Mr.  Alexander  Mitchell,  are 
piles  which  are  screwed  into  the  stratum  in  which  they  are  to 
stand.  The  pile  may  be  either  of  timber  or  iron,  and  that  it  may 
admit  of  being  easily  turned  about  its  axis,  should  be  cylindrical,  or 
at  all  events  octagonaL  The  screw  blade,  which  is  fixed  on  at  the 
foot  of  the  pile,  is  usually  of  cast  iron,  and  seldom  makes  more 
than  a  single  turn.  Its  diameter  is  from  twice  to  eight  times  that  of 
the  shaffc  of  the  pile,  and  its  pitch  from  one-half  to  one-fourth  of 
its  diameter.  The  best  mode  of  driving  screw  piles  is  to  apply  the 
power  of  men  or  of  animals,  walking  on  a  temporary  platform, 
directly  to  levers  radiating  from  the  heads  of  the  piles. 

As  an  example  may  be  cited  the  cast  iron  piles  ali'eady  men- 
tioned in  Article  381,  p.  572,  as  being  used  in  the  piers  of  railway 
bridges  in  India.  Each  of  these  was  screwed  into  the  ground  by 
means  of  four  levers,  each  40  feet  long,  and  each  having  eight 
bullocks  yoked  to  it.  According  to  this  example,  the  greatest 
working  load  upon  each  screw  of  4  feet  6  inches  in  diameter, 
exclusive  of  the  earth  and  water  above  it,  is  nearly  as  follows : — 

Pier  25  tons  +  superstructure  12  +  train  30  =  67  tons  =  150,080 

lbs.,  being  at  the  rate  of  nearly 
100  1\m.  per  square  inch  of  the  horizontal  projection  of  the  screw- 

blada 

As  these  piles  are  screwed  from  20  to  45  feet  into  the  earth,  the 
weight  of  earth  above  each  screw-blade  may  be  taken  as  ranging 
from  14  lbs.  to  31  lbs.  per  square  inch;  so  that  the  load  on  each 
screw  blade,  exclusive  of  the  weight  of  earth  above  it,  ranges  from 
3  times  to  7  times  that  weight,  and  including  the  weight  of  earth, 
from  4  times  to  8  times ;  results  which  correspond  with  the  theory 
of  Article  237,  p.  379,  if  the  angles  of  repose  of  the  earth  be 
assumed  to  range  from  about  28°  to  about  19"^. 

The  chief  uses  of  screw  piles  are  to  form  the  vertical  supports  of 
platforms  of  openwork  piers,  whether  of  timber  or  iron,  and 
of  such  structures  as  harbour-jetties  and  lighthouses',  and  to  fasten 
down  permanent  mooiing-chains  in  harbours. 

404.  Sheet  Piles  are  flat  piles,  which,  being  driven  successively 
edge  to  edge,  form  a  vertical  or  nearly  vertical  sheet,  for  the  pur- 
pose of  preventing  the  materials  of  a  foundation  from  spreading, 
or  of  guarding  them  against  the  undermining  action  of  water. 
They  may  be  made  either  of  timber  or  of  iron. 

Timber  sheet  piles  are  planks  having  a  projection  or  feather  along 
one  edge,  and  a  corresponding  groove  along  the  opposite  edge. 
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They  are  of  any  breadth  that  can  readily  be  procured,  and  finom  2^ 
to  10  inches  thick,  and  are  sharpened  at  the  lower  end  to  an  edge, 
which,  in  stony  ground,  may  be  shod  with  sheet-iron. 

When  a  space  is  to  be  enclosed  with  sheet-piling,  a  range  of  gwdt- 
piles  is  first  driven,  being  long  rectangular  piles  at  regular  inter- 
vals apart  of  from  6  to  10  feet :  these  are  driven  to  the  same  depth 
as  bearing-piles.  To  the  opposite  sides  of  these,  near  the  top,  are 
notched  or  bolted  a  pair  of  parallel  gtring-pieces  or  walea:  these  are 
horizontal  beams,  from  5  to  10  inches  square,  notched  on  the  guide- 
piles  to  such  a  depth  as  leave  a  space  between  them  of  a  width  equal 
to  the  thickness  of  the  sheet-piles.  If  the  sheet-piles  are  to  stand 
more  than  8  or  10  feet  above  the  ground,  a  second  pair  of  wales  is 
required  near  the  level  of  the  ground. 

The  sheet-piles  are  driven  between  the  wales  to  about  half  the 
depth  of  the  guide-piles,  beginning  with  the  sheet-piles  next  the 
guide-piles,  and  working  towards  the  middle  of  each  space  between 
a  pair  of  guide-piles ;  so  that  the  last  or  central  sheet-pile  acts  as  & 
wedge  to  tighten  the  whole. 

In  iron  sheet-piling  the  guide-piles  may  be  either  tubular,  or  of  a 
form  of  section  like  a  trough-girder  set  on  end  (fig.  240,  p.  524). 
The  sheet-piles  are  also  like  trough-girders  set  on  end,  being  plates 
stiffened  by  vertical  ribs  on  the  inner  side.  Their  side  edges  are  so 
formed  as  to  make  over-lapping  joints,  and  their  lower  edges  are 
wedge-shaped. 

For  example,  in  the  foundations  of  Chelsea  Bridge,  the  cast  iron 
guide-piles  are  tubular,  flat  on  the  outer  side,  semi-cylindrical  on 
the  inner  side,  12  inches  in  external  diameter,  and  1  inch  thick, 
and  are  27  feet  long;  the  sheet-piles  are  cast  iron  plates,  10  feet 
long,  from  6  to  7  feet  broad,  and  1  inch  thick,  stiffened  by  verti- 
cal ribs,  which  are  from  4  to  6  inches  deep,  and  from  10  to  20  inches 
apart,  and  by  one  horizontal  rib  of  about  the  same  dimensions  at 
the  upper  edge. 

405.  TlMbcraad  iMa-Caaed  C«acrete  FaoadatlMU. — ^In  founda- 
tions of  this  class  the  building  rests  on  a  mass  of  concrete  (as  to  the 
strength  and  dimensions  of  which,  see  Article  239,  pp^  381,  382), 
that  mass  being  cased  with  sheet-piling  of  timber  or  iron,  such  as 
that  described  in  the  preceding  article. 

The  sheet-pile  casing  is  constructed  first,  and  is  sufficiently  braced, 
transversely  and  diagonally,  to  enable  it  to  resist  the  pressure  to 
which  it  may  be  exposed,  whether  of  water  and  mud  from  without 
or  of  concrete,  while  in  the  soft  state,  from  within.  The  soft  ma- 
terial within  the  casing  is  then  scooped  out. 

The  concrete  should  be  that  described  in  Art  230,  p.  374,  as 
strong  hydravlic  coTi/yrets^  or  "hetonj*  and  should  be  laid  in  layers  of 
about  a  foot  thick,  each  layer  being  either  well  rammed  or  thrown 
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in  from  a  stage  at  least  10  feet  high.  Time  should  be  given  for  the 
concrete  to  become  firm  before  a  he&vj  load  is  placed  on  it;  for  it 
has  been  shown  by  recent  obserrations  that  intense  pressure  retards 
the  setting  of  concrete. 

The  casing,  besides  fiidlitating  the  excayation  of  a  bed  for  the 
concrete,  serves  to  protect  it  afterwards  from  injury  by  such  causes 
as  the  wearing  action  of  a  river  current  When  the  casing  is  of 
iron,  it  is  capable  of  bearing  also  a  share  of  the  load. 

Sometimes  a  timber  or  iron-cased  mass  of  concrete  is  combined 
with  a  system  of  bearing-piles,  as  described  in  Article  402,  pp.  602  to 
604. 

406.  !**•■  Tabnlar  F«H«d«ti«as  consist  of  large  hollow  vertical 
cast  iron  cylinders,  filled  with  rubble  masonry  or  concrete,  such  as* 
have  already  been  partly  described 
in  Article  381,  pp.  572,  573. 

The  general  construction  of  such 
cylinders  and  the  mode  of  sinking 
them  are  shown  by  the  vertical 
section,  fig.  274.  Amongst  the 
auxiliary  structures  and  machinery 
not  shown  in  the  figure  are,  a 
temporary  timber  stage  from  which 
the  pieces  of  the  cylinder  can  be 
lowered,  and  on  which  the  ex- 
cavated material  can  be  carried 
away;  and  a  steam  engine  to  work 
a  pump  for  compressing  air. 

The  following  were  the  dimen- 
sions of  the  engine  and  pump  used 
to  supply  air  to  a  cylinder  of  the 
Theiss  bridge  formerly  referred  to ; 
the  diameter  being  9*84  feet,  and 
the  greatest  depth  below  the  sur- 
face of  the  water  to  which  the 
cylinder  was  sunk,  66  feet,  corresponding  to  an  absolute  pressure  of 
3  atmospheres  (or  2  atmospheres,  that  is  to  say,  29  4  lbs.  on  the 
square  inch,  above  the  ordinary  atmospheric  pressure).  This  is 
said  to  be  the  greatest  pressure  under  which  the  excavators  can 
work  without  danger  to  their  health. 

Diameter  of  steam  cylinder  (high  pressure), 8  '67  inches. 

„       of  air-cylinder, 11-82       „ 

Length  of  stroke  (the  same  in  both  cylinders),. ..     0*656  foot. 

Number  of  revolutions  per  minute, from     1 00  to  1 20. 

Horse  power, from       10  to  12. 


Fig.  274. 
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From  these  data  it  appears  that  the  volume  of  air  sapplki 
measured  at  the  ordinary  atmospheric  pressure,  was  fincna  100  to 
120  cubic  feet  per  minute.  It  appears  that  the  number  of  p&sons 
within  the  cylinder  at  one  time  was  from  six  to  eight 

The  cylinder  consists  of  lengths  of  about  9  feet^  united  by  internal 
flanges  and  bolts.  The  joints  are  cemented  and  made  air-tigbt 
with  a  well-known  composition,  consisting  of 

Iron  turnings, i,ooo  parts  by  vdght 

Sal-ammoniac, lo     „  „ 

Flour  of  sulphur, 2     „  „ 

Water  enough  to  dissolve  the  sal-ammoniaa 

In  some  examples  each  joint  is  made  tight  by  means  of  a  zing- 
shaped  cord  of  vulcanized  indian  rubber,  lodged  in  a  pair  of  grooTes 
on  the  faces  of  the  flanges. 

The  lowest  length,  A,  of  the  cylinder,  has  its  lower  edge 
sharpened,  that  it  may  sink  the  more  readily  into  the  ground. 
The  intermediate  lengths,  B,  B,  and  the  uppermost  length,  C,  have 
flanges  at  both  edges,  upper  and  lower.  The  portion  D,  at  the 
top,  forms  the  "  belL"  The  lower  edge  of  the  bell  has  an  internal 
flange  by  which  it  is  bolted  to  the  cylinder  below ;  its  upper  end 
is  closed,  and  may  be  either  dome-shaped,  or  flat,  and  strengthened 
against  the  pressure  of  the  air  within  by  transverse  ribs,  as  in  tht 
figure.  In  the  example  shown  the  bell  is  made  of  wrought  iron 
boiler  plates. 

D  is  a  siphon,  2  or  3  inches  in  diameter,  through  which  the 
water  is  discharged  by  the  pressure  of  the  compressed  air. 

F  and  G  are  two  cast  iron  boxes,  called  "  air-locks,"  by  means  of 
which  men  and  materials  pass  in  and  out  Each  of  them  has  at  the 
top  a  trap  door,  or  lid  opening  downwards  from  the  external  sir,  and 
at  one  side,  a  door  opening  towards  the  interior  of  the  bell,  and  is 
provided  with  stop  cocks  communicating  with  the  external  air  and 
with  the  interior  of  the  bell  respectively,  which  can  be  opened  mkI 
closed  by  persons  either  within  the  bell,  within  the  box,  or  outside 
of  both.     These  may  be  called  the  escape  cock  and  the  supply  oocfc 

The  bell  is  provided  with  a  supply  pipe  and  valve  for  intro- 
ducing compressed  air,  a  safety  valve,  a  pressure  gauge,  and  a  laigt* 
esca])e  valve  for  discharging  the  compressed  air  suddenly  when 
required. 

At  the  lower  flange  of  the  division  C  is  a  timber  platfonn,  on 
which  stands  a  windlass. 

The  apparatus  is  represented  as  working  in  a  stratum  of  earth  or 
mud,  covered  with  water. 

The  operation  of  sinking  a  cylinder  is  analogous  to  ihsX  of  ^' 
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ing  a  shaft  with  a  drum-curb.  (Article  391,  p.  592.)  The  first 
operation  is  to  lower  the  lowest  length  A  of  the  cylinder,  till  it 
rests  on  the  earth,  with  as  many  intermediate  lengths  B  as  are  suf- 
ficient to  reach  a  foot  or  two  above  the  top  water-level,  and  one 
additional  length  C,  all  bolted  together.  Then  the  bell  is  bolted 
on.  The  whole  cylinder  sinks  to  a  depth  depending  on  the 
material  on  which  it  rests.  The  engine  then  forces  in  air  until 
the  water  is  expelled  from  the  cylinder.  Workmen,  with  tools 
and  buckets,  can  now  pass  in  and  out  through  the  boxes  or  air- 
locks. To  pass  in,  the  operation  is  as  follows : — Shut  the  supply- 
cock  of  the  box,  if  not  shut  already;  open  the  escape-cock — should 
there  be  compressed  air  in  the  box,  it  will  be  discharged ;  open  the 
trap-door  and  enter  the  box;  shut  the  trap-door  and  fasten  it; 
shut  the  escape-cock ;  open  the  supply-cock ;  in  a  few  minutes  the 
box  will  be  filled  with  compressed  air  at  the  same  pressure  with 
that  in  the  bell ;  open  the  side  door  and  pass  into  the  bell.  To 
}>ass  out,  the  operation  is  as  follows : — Should  the  escape-cock  of 
the  box  be  open,  shut  it;  should  the  supply-cock  be  shut,  open  it; 
the  box  will  soon  be  filled  with  compressed  air,  if  not  full  already; 
open  the  side-door,  enter  the  box,  close  the  side-door,  shut  the 
supply-cock,  open  the  escape-cock ;  when  the  air  has  fallen  to  the 
external  pressure,  open  the  trap-door  and  pass  out  Some  of  the 
workmen  (generally  two)  descend  by  a  ladder  or  a  bucket  to  the 
bottom  of  the  cylinder,  dig  away  the  earth  from  its  interior,  and  put 
it  into  buckets,  which  are  raised  by  a  set  of  men  working  the 
internal  windlass,  and  sent  through  the  air-locks,  whence  they 
are  removed  by  an  external  windlass,  not  shown  in  the  figure. 

So  soon  as  the  excavation  has  been  carried  down  to  the  level  of 
the  lower  edge  of  the  cylinder,  the  miners  carry  their  tools  and  the 
lower  division  of  the  siphon  E  up  to  the  platform ;  the  whole  of  the 
workmen  leave  the  bell;  the  great  supply- valve  is  shut,  and  the 
great  escape-valve  opened,  so  that  the  whole  of  the  compressed  air 
escapes.  The  cylinder  being  deprived  of  the  support  arisiug  from 
the  pressure  of  the  compressed  air  against  the  top  of  the  bell,  sinks 
to  a  depth  usually  varying  from  one  to  two  yards.  When  it  has 
given  over  sinking,  the  great  escape-valve  is  shut,  and  the  great 
supply- valve  opened,  and  the  operation  goes  on  as  before,  until  it 
becomes  necessary  to  put  on  an  additional  length  of  cylinder.  This 
is  done,  while  the  pressure  within  and  without  are  eqiial,  by  unbolt- 
ing and  taking  off  the  bell,  putting  on  a  new  length  of  cylinder  on 
the  top  of  C,  which  now  becomes  an  intermediate  length,  removing 
the  platform  and  windlass  up  to  the  new  length,  putting  an 
additional  length  into  the  siphon,  and  replacing  and  bolting  on  the 
bell. 

In  the  case  taken  as  an  example,  each  cylinder  was  sunk  by 

2r 
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gangs  of  nine  men  working  six  hours  at  a  time ;  and  the  earih  {am 
and  day)  was  removed  at  the  rate  of  15  backets^  esdi  oontaiiiing 
•09  of  a  cubic  yard,  per  hour;  that  is, 

15  X  -09  =  I  '35  cubic  yard  per  hour,  by  nine  men ; 
or  -15  cubic  yard  per  man  per  hour; 
or  6|  hours  of  one  man  per  cubic  yard. 

The  total  volume  of  earth  which  has  to  be  removed  tangffl,  ac- 
cording to  the  stiffiiess  of  the  material,  from  once  to  three  6imei  the 
volume  formed  by  multiplying  together  the  sectional  area  of  tk 
cylinder  and  the  depth  to  which  it  is  sunk. 

Care  must  be  taken  to  keep  the  cylinder  upright  as  it  descwids, 
by  means  of  staya  ^   . 

When  the  sinking  of  the  cylinder  has  been  completed,  it  is  fiUea 
with  masonry,  or  with  hydraulic  concrete ;  as  to  which,  see  Aiwe 
405,  p.  606.  About  one-half  of  the  building  is  performed  ia^ 
compressed  air;  the  remainder,  with  the  cylinder  open  at  the  top, 
the  bell  being  removed.  , 

Care  should  be  taken  to  pack  the  concrete  or  masoniy  welj 
below,  and  to  bed  it  firmly  above,  each  of  the  pairs  of  internal 
flangea  . 

In  very  soft  materials  it  is  sometimes  necessary  to  drive  a  aet  ol 
bearing  piles  in  the  interior  of  each  cylinder,  in  order  to  support 
the  concrete  and  masonry. 

The  earliest  mode  of  sinking  iron  tubular  foundations  was  «wt 
invented  by  Dr.  Potts,  in  which  the  air  is  exkoyasted  by  a  pump  rtm 
the  interior  of  the  tube,  which  is  forced  down  by  the  pre^  « 
the  atmosphere  on  its  closed  top.  This  method  is  well  suited  k»^ 
sinking  tubes  in  soft  materials  that  are  free  from  obstacles  whicli 
the  edge  of  the  tube  cannot  cut  through  or  force  aside,  such  as  large 
stones,  roots,  pieces  of  timber,  <kc.*  _«„«>^ 

407.  F«andaitoas  bm4c  by  Weii-«iBkias  are  in  some  respec^ 
analogous  to  iron  tubular  foundationa  They  are  suitable  foraso^ 
and  wet  stratum  with  a  firm  stratum  below  it.  They  are  made  by 
sinking  a  sufficient  number  of  cylindrical  stone  or  brick-liDea 
shafts,  each  on  a  drum-curb  (see  Article  391,  p.  592),  through  the 
soft  stratum,  until  the  firm  stratum  is  reached.     These  shaito  ^ 

«  The  method  of  dnking  cylinden  for  fonndationa,  by  the  aid  of  <»inP<^^' 
was  flnt  employed  at  the  bridge  oyer  the  Medway  at  Bocfaester,  ezecsttf  ^^ 
the  deeigos  of  Sir  William  Gubitt. 

It  waa  at  first  intended  that  the  tubes  should  be  sunk  by  the  exhaustiye  pnKX»« 
but  the  remains  of  an  old  timber  bridge,  imbedded  in  the  mud  at  the  I'^J 
the  river,  rendered  that  impracticable;  and  the  compraaiTe  process  waa  then  'm^^ 
by  the  oontracton*  agent,  Mr.  Hughes. 
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tben  filled  with  rubble  masoniy,  or  with  brickwork,  so  that  each  of 
tbem  becomes  a  solid  cylindrical  pillar. 

408.  Cute— — , — ^A  caisson  is  a  sort  of  flat-bottomed  boat  in 
'which  the  foundation-courses  and  lower  part  of  some  struc- 
ture which  is  to  stand  in  water,  such  as  a  bridge-pier,  are  built, 
and  floated  to  their  intended  site.  The  bottom  of  the  caisson 
is  a  horizontal  timber  platform,  fitted  to  form  a  permanent  part  of 
the  foundation,  as  described  in  Article  399,  p.  601.  The  sides  are 
vertical,  and  are  capable  of  being  detached  from  the  bottom.  A 
seat  is  prepared  for  the  platform,  by  excavation  alone,  by  laying  a 
bed  of  concrete,  by  driving  a  set  of  piles,  or  otherwise,  as  the 
occa&ion  may  require.  The  caisson  is  moored  over  that  seat,  and 
when  the  building  within  it  has  been  carried  to  a  sufficient  height, 
it  is  gradually  sunk,  by  slowly  admitting  the  water,  until  the  plat- 
form rests  on  its  bed.     The  sides  are  then  detached  and  removed. 

The  usual  method  of  connecting  the  sides  with  the  bottom  is  er 
follows : — The  maiti  supports  of  the  bottom  consist  of  a  number  of 
parallel  transverse  beams  whose  ends  project  beyond  the  sides; 
across  the  upper  edges  of  the  sides  are  laid  an  equal  number  of 
similar  beams,  into  which  the  uppermost  wales  or  longitudinal 
pieces  of  the  sides  are  so  notched  as  to  be  kept  by  the  beams  from 
being  forced  together  by  the  pressure  of  the  water.  The  projecting 
ends  of  the  upper  set  of  beams  are  connected  with  those  of  the 
lower  set  by  long  vertical  iron  bolts,  outside  the  caisson,  having  a 
hook  and  eye  joint  a  little  above  the  lower  beams;  and  by  un- 
fiistening  the.se  the  sides  are  at  once  detached  from  the  bottom. 

The  dimensions  of  the  timber  used  in  the  bottom  are  usually 
about  the  same  as  for  a  foundation-platform  (Article  399,  p.  601); 
those  of  the  framework  of  the  sides  may  be  computed  according  tri 
the  principles  of  the  strength  of  mateiials,  so  as  to  bear  safely  the 
greatest  pressure  of  the  water. 

In  an  example  described  by  Becker,  used  in  building  a  bridge 
pier,  the  caisson  waa  about  63  feet  long,  21  feet  broad,  and  15  feet 
deep  over  all,  the  masonry  within  being  about  18  feet  broad.  The 
cross  beams  were  10  inches  square,  and  about  2  feet  10  inches  apart 
from  centre  to  centre;  the  upright  standards  of  the  sides  were  10 
inches  square,  and  5  feet  8  inches  from  centre  to  centre. 

A  caisson  that  has  been  sunk,  but  which  still  has  the  sides 
attached,  may  be  floated  again,  in  order  to  rectify  its  position,  if 
necessary,  by  closing  the  valve  for  the  admission  of  water,  and  pump- 
ing the  water  out 

409.  Dams  r«r  F«BadBti«ui  are  made  for  the  purpose  of  exclud- 
ing water  from  a  space  in  which  a  foundation  or  some  such 
structure  is  to  be  made.  The  materials  principally  used  in  them 
are  timber,  iron,  and  clay  puddle^  as  to  which  last^  see  Article  206, 
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p.  344.  Hydraulic  concrete  also  is  occasionally  nsecl,  as  to  ▼liich, 
see  Article  230,  p.  374. 

L  Clay  Dams. — In  still  water  of  a  depth  not  exceeding  3  or  \ 
feet,  and  on  moderately  firm  ground,  a  clay  puddle  embuikineBt 
forms  a  sufficient  dam ;  care  being  taken,  before  commencing  it,  t« 
dig  a  trench  for  its  foundation,  so  as  to  remove  loose  and  porous 
material  from  the  surface  of  the  ground. 

II.  Coffer  Dams, — In  greater  depths,  the  essential  part  of  ai. 
ordinary  dam  consists  of  two  parallel  rows  of  main  piles  and  sh«t 
piles  (see  Article  404,  p.  605),  enclosing  between  them  a  verticil 
wall  of  clay  puddle.  The  upper  wales  of  the  two  rows  of  piles  an 
tied  together  by  cross  beams,  which  support  a  stage  of  planking  for 
the  use  of  the  workmen.  The  main  piles  in  one  row  are  from  4 1- 
5  feet  apart  The  ground  is  excavated  between  the  rows  of  shett 
piles  until  a  sufficiently  firm  bottom  is  reached,  and  the  paddk 
rammed  in  layers. 

•  The  common  rule  for  the  thickness  of  a  coffer  dam  is  to  make  it 
equal  to  the  height  above  ground,  if  the  height  does  not  exceed  ten 
feet;  and  for  greater  heights,  to  add  to  ten  feet  one-third  of  tk* 
excess  of  the  height  above  ten  feet 

When  the  height  exceeds  twelve  or  fifteen  feet,  or  thereabout, 
three,  and  sometimes  four  or  more,  parallel  rows  of  sheet  piling  are 
driven,  thus  dividing  the  thickness  of  the  dam  into  two,  three^  cr 
more  equal  divisions,  each  of  six  feef  thick,  or  thereabouts;  tli'* 
outermost  division  is  made  of  the  full  height,  and  the  heights  of  tit? 
inner  divisions  are  made  less,  so  as  to  form  a  series  of  stepa 

It  appears  from  experience  that  a  thickness  of  from  two  to  five 
feet  of  clay  puddle  is  sufficient  to  make  a  coffer  dam  water-tigbt; 
the  additional  thickness  given  by  the  rules  above  mentioned  i^ 
required  for  stability,  and  the  more  so  that  the  timber  framework 
cannot  be  stiffened  inside  by  diagonal  braces  between  the  rows  of 
gii"der  piles ;  for  such  braces  would  conduct  streams  of  water  along 
their  sides  through  the  puddle. 

Another  mode  of  obtaining  stability  is  to  make  the  dam  simplj 
of  sufficient  thickness  to  exclude  the  water,  and  to  support  it  froiB 
within  against  the  pressure  of  the  water  by  means  of  sloping 
struts,  abutting  at  their  upper  ends  against  the  main  piles  of  the 
inner  fece  of  the  dam,  and  at  their  lower  ends,  in  soft.  grotiDa, 
against  piles  driven  for  that  purpose,  and  in  hard  ground,  against 
foot-blocks. 

Let  b  be  the  breadth,  in  feet,  of  the  division  of  the  dam  sustained 
oy  one  such  strut 

X,  the  depth  of  water, 
W7,  the  weight  of  a  cubic  foot  of  water, 
being  62-4  lbs.  for  fresh,  and  64  lbs.  for  salt  water. 
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Then,  by  the  principles  of  Article  107,  p.  166,  equation  9,  the 
total  pressure  of  the  water  against  that  division  of  the  dam  is 

Tz^wba^  ^2; (1.) 

and  the  moment  of  that  pressure,  relatively  to  a  horizontal  axis  at 
the  level  of  the  ground  is 

M  =  W7  6  «»  -f.  6 (2.) 

Let  h  be  the  height  above  the  ground  at  which  the  strut  abuts 
against  the  dam,  and  i  its  inclination  to  the  horizon ;  the  thrust 
along  the  strut  is 

T  =  M  sec  I  ^  ^; (3.) 

and  the  scantling  required  to  bear  that  thrust  safely  may  be  com- 
puted by  the  principles  of  Article  158,  p.  238,  equations  6,  7,  8. 

When  a  coffer  dam  is  to  be  exposed  to  wwvee,  add  together  the 
greatest  depth  of  still  water  in  front  of  it,  and  twice  the  greatest 
height  to  which  the  crest  of  a  wave  rises  above  the  level  of  still 
water,  and  put  the  sum  for  the  greatest  depth  to  which  the  dam  is 
to  be  adapted  {x  in  the  formulae).  In  shallow  water  on  exposed 
parts  of  the  coast,  this  amounts  very  nearly  to  making  x  equal  to 
double  the  gi-eatest  depth  of  still  water. 

In  firm  ground  impervious  to  water,  planks  laid  horizontally  on 
edge  between  a  double  row  of  guide  piles  may  be  substituted  for 
sheet  piling.  The  least  thickness  suitable  for  such  planks  is  about 
2^  inches;  and  with  guide  piles  five  feet  apart  this  is  sufficient  for 
a  depth  of  about  six  feet;  for  greater  depths,  the  thickness  must 
increase  in  proportion  to  the  square  root  of  the  depth. 

For  a  rocky  bottom,  the  following  construction  has  been  used  by 
Mr.  David  Stevenson  (see  Trams,  Inst,  of  Civil  Engineers^  vol.  III. ; 
also  Encyc  Brit.,  Ai-ticle  '^ Inland  Navigation"): — ^Two  parallel 
rows  of  vertical  iron  rods,  three  feet  apart,  were  jumped  into  the 
rock  to  a  depth  of  fifteen  inches,  to  answer  instead  of  guide  piles; 
inside  these  rods,  and  supported  by  them,  were  two  vertical  linings 
of  planks  laid  on  edge  horizontally,  between  which  clay  puddle  was 
rammed;  outside  the  iron  rods  were  horizontal  timber  wales  five 
feet  apart  vertically,  or  thereabouts;  these  were  bolted  together  in 
pairs,  through  the  dam,  to  which  stability  waa  given  by  means  of 
inclined  timber  struts,  as  already  described. 

III.  Caisson  Dams, — Another  mode  of  constructing  a  dam  on  a 
rocky  bottom  is  to  use  a  number  of  caissons,  or  flat-bottomed  boats, 
suitably  formed,  so  as  to  enclose  the  space  which  is  to  be  guarded  by 
the  dam ;  when  these  have  been  floated  to  their  proper  places  and 
moored,  they  are  to  be  gradually  sunk  until  they  begin  to  rest  on 
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ihe  bottom ;  two  rows  of  main  pOea,  nmnixig  re^)ectivie]j  along  tlie 
outer  and  inner  faces  of  the  enclosure  of  cuBsonSy  are  now  to  W 
lowered  vertically  side  by  side  nntil  their  lower  ends  rest  finnJy 
on  the  bottom,  and  bolted  in  that  position  to  the  sides  d  Xh- 
caissons;  the  loading  of  the  caissons,  by  means  of  stones  or  otbrr 
heavy  materials,  and  by  admitting  water,  is  now  to  be  proceeded  with, 
until  either  the  whole  or  a  considerable  part  of  their  weight  resis 
on  the  main  piles.  A  framework  is  thus  formed,  resting  oo  the 
Imttom  by  means  of  the  main  piles.  A  third  row  of  pUes,  or  posts. 
suitably  framed  to  the  inner  row  of  main  piles,  is  now  to  be  set  q]' 
]Mirallel  to  and  within  them ;  and  between  these  two  rows,  the  d&nu 
jiroperly  speaking,  is  to  be  formed  in  the  manner  already  describei 
wiUi  two  linings  of  planks  and  a  puddle  wall  When  the  dam  i^ 
removed,  because  of  the  foundation  or  other  work  within  it  beiuie: 
tinished,  or  because  the  work  is  to  be  interrupted,  the  caissoDB  an- 
to  be  unloaded  and  pumped  dry,  and  floated  away,  so  as  to  be 
available  at  a  future  time  for  the  resumption  of  the  same  work,  <>r 
the  execution  of  another,  as  the  case  may  be. 

As  to  dams  of  this  class,  see  Mr.  Hodges*s  account  of  the  Victom 
Bridge, 

Caissons,  or  boats,  capable  of  being  floated  and  grounded  at  wii/, 
as  above  described,  are  suitable  where  it  is  necessaiy,  not  to  makf 
a  water-tight  dam,  but  merely  to  obtain  protection  from  a  carrent 
that  would  otherwise*  impede  or  injure  the  work.  (See  Stevenson 
On  American  Engiruering,  Chapter  VIII.) 

IV.  Crib- Work  Dams  are  used  where  timber  is  abundant  and 
cheap.  Crib-work  consists  of  a  series  of  layers  of  logs,  laid  alternately 
lengthwise  and  crosswise,  notehed  and  pinned  to  each  other  at  their 
intersections :  the  distance  apart  of  the  logs  in  each  layer  is  three  oj 
four  times  their  diameter.  A  skeleton  frame  of  any  require 
dimensions  having  been  formed  in  this  manner,  is  floated  to  i^ 
intended  site,  and  there  loaded  with  stones  laid  upon  platfoi©'' 
supported  by  some  of  the  upper  layers  of  logs,  until  it  ainia  I^ 
oan  then  be  used  in  the  same  manner  and  for  the  same  puipoees  v^ 
the  caisson  dams  of  Division  III.  (On  the  subject  of  crib-work,  ^ 
Stevenson  On  Amerioofn  Enginoering;  Hodges  on  the  Yt^on^ 
Bridge,) 

V.  Wicker-  Work  Dams  will  be  mentioned  further  on. 

410.  BxcavwIteSi  mdcr  Water,  D««l|[laa,  wmik  Btafltfaf.—^ 
(teases  have  already  been  described  by  which  excavations  are  ©»"♦' 
under  the  water-level  by  the  aid  of  some  apparatus  for  excla<fi^ 
the  water  fit>m  the  site  of  the  excavation,  such  as  iron  cylinder* 
iilled  with  compressed  air  (Article  406,  p.  607),  or  coffer  toj 
(Article  409,  p.  612).  The  present  article  relates  to  the  making  ^ 
such  excavations  by  tools  or  mechanism^  without  excluding  ^ 
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water.     Cases  in  wliicli  the  currents  of  the  water  itself  are  made 
available  for  that  purpose  will  be  considered  in  a  later  chapter. 

I.  Protection  of  the  ExcawUion. — ^When  an  excayation  is  made 
under  water  in  order  to  deepen  a  channel,  it  seldom  requires  to  be 
protected ;  but  when  it  is  made  with  a  view  to  the  construction  of 
a  foundation,  and  there  are  loose  materials,  either  in  the  ground 
excavated,  or  suspended  in  the  water,  it  must  be  guarded  against 
currents  in  the  water,  which  otherwise  would  sweep  those  materials 
into  it  and  fill  it  up.  This  may  be  done  by  caissons  (Article  407, 
Division  III.,  p.  613),  cribs  (Article  409,  Division  lY.,  p.  614),  or 
by  an  enclosure  of  sheet  piling,  whether  timber  or  iron  (Article 
404,  p.  605);  and  if  the  excavation  is  for  the  purpose  of  making  a 
piled  or  concrete  foundation,  the  sheet  piling  may  afterwards  form 
the  permanent  casing  of  that  foundation.     (Article  405,  p.  606.) 

II.  Dredging  by  Hcmd  is  performed  by  means  of  an  implement 
called  a  ''spoon,"  or  ''  spoon  and  bag."  It  consists  of  a  pole,  at  one 
end  of  which  is  fastened  an  iron  ring,  steeled  at  the  forwaid  edge, 
and  forming  the  mouth  of  a  bag  of  strong  leather  or  coarse  canvas. 
The  ring  is  hung  by  a  rope  tackle  capable  of  being  wound  up  by 
means  of  a  crab,  and  the  further  end  of  the  pole  is  held  by  a  man. 
As  the  rope  is  wound  up  the  spoon  is  dia^^ed  forward  along  the 
bottom,  against  which  the  man  who  holds  the  pole  causes  the  edge 
of  the  ring  to  press,  scooping  earth  into  the  bag,  until  it  arrives 
directly  below  the  crab,  when  it  is  hauled  up  and  emptied  into  a 
punt  or  mud  barge. 

In  small  depths  of  water,  such  as  four  or  five  feet,  the  labour  and 
cost  of  this  operation  are  not  much  greater  than  those  of  excavating 
similar  materials  on  dry  land.  In  greater  depths  the  operation 
becomes  more  laborious  and  costly,  nearly  in  proportion  to  the 
depth;  and  in  depths  of  more  than  ten  feet  it  is  not  applicable. 

Another  kind  of  hand  dredge  has  a  sort  of  sheet  iron  sooop 
instead  of  the  ring  and  bag,  and  is  suitable  for  rough  and  stony 
materials. 

III.  The  Dredging  Machine  consists,  essentially  of  a  pair  of 
parallel  chains,  driven  by  pullies  so  as  to  move  up  the  upper  side 
and  down  the  under  side  of  an  inclined  plane,  and  carrying  in  soft 
ground  a  series  of  buckets,  and  in  stiff  ground  buckets  and  rakes 
alternately ;  the  rakes  to  break  up  the  ground  and  the  buckets  to 
lifb  it.  The  upper  end  of  the  inclined  plane  is  hinged,  so  that  the 
lower  end  adapts  itself  to  the  level  of  the  bottom.  The  machine 
works  in  a  well  in  the  middle  of  the  after  part  of  a  strong  barge, 
over  the  stem  of  which  the  buckets  empty  themselves  into  a  punt 
or  mud  boat.  The  ordinary  prime  mover  is  a  steam  engine ;  but 
small  dredging  machines  are  fJso  used,  which  are  worked  by  hand. 
According  to  Mr.  David  Stevenson,  a  steam  dredge  of  sixteen 
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horse-power  will,  nnder  favourable  circumstances,  raise  about  140 
tons  of  stuff  per  hour  (that  is,  about  100  or  110  cubic  jards);  and 
the  cost  ranges  from  an  amount  nearly  equal  to  that  of  excavatioD 
in  similar  material  on  Und  (say  about  8d  per  cubic  yard  for  auid 
and  gravel)  to  about  half  that  amount  (or  nearly  4d.).  In  general, 
the  latger  and  more  powerful  the  machine,  the  less  is  the  cost  of 
dredging. 

IV.  Blading  Rock  in  shallow  water  is  nearly  similar  to  tiie 
same  operation  on  land,  as  to  which  see  Article  207,  p.  344  In 
general,  proportionately  more  powder  must  be  used  than  on  land ; 
tor  under  water,  it  is  desirable  to  shiver  the  rock  into  pieces  that 
can  be  removed  by  dredging.  In  a  good  example  of  such  operations, 
described  by  Mr.  Edwards  in  the  Proceedings  of  the  In$L  qfCwU 
Engineers^  voL  IV.,  the  weight  of  rock  loosened  was  about  between 
5,000  and  6,000  times  that  of  the  powder  exploded. 

In  deep  water,  the  diving  bell  must  be  used  in  preparing  the 
blasts. 

y .  Removirhg  Lwrgt  SUnies. — Boulders  and  blocks  of  stone  which 
are  too  large  to  be  lifted  by  the  dredging  machine  may  eitiier  be 
sf  >lit  or  blasted  into  smaller  pieces,  or  may  be  attached,  with  the 
aid  of  diving  apparatus,  by  means  of  a  lewis  (Article  251,  pi  391), 
to  a  boat,  and  so  lifted  and  carried  away. 

411.  DiviBg  AppmntttBs  (I.)  far  a  single  diver  consists  eBsentially 
of  a  metallic  helmet^  usually  spherical,  and  made  of  copper,  enclosing 
the  diver's  head  and  resting  on  his  shoulders,  connected  at  its  base 
with  an  air  and  water-tight  dress,  provided  with  a  long  flexible 
tube  and  valve,  opening  inwards,  for  supplying  air  from  a  compress- 
ing pump  above  water,  an  escape  valve  for  foul  air,  opening 
outwards,  about  the  level  of  the  diver's  chest,  and  some  glased 
openings  (usually  three  in  number),  at  the  level  of  his  eye&  Each 
of  these  openings  should  be  furnished  with  a  water-tight  valve, 
which  the  diver  can  instantly  close  in  the  event  of  the  glass  being 
broken.  The  ai^  feed-pipe  enters  at  the  back  of  the  helmet^  and 
the  air  is  conducted  thence  by  arched  passages  over  the  diver's 
head  to  points  near  the  glazed  eye-holes.  By  this  arrangement  the 
entrance  of  water  is  prevented,  in  the  event  of  the  feed-pipe  bursts 
ing.  To  overcome  the  buoyancy  of  the  apparatus,  and  enable 
the  diver  to  sink,  his  waterproof  dress  is  loaded  with  about  a 
hundredweight  of  lead,  part  in  the  soles  of  the  shoes,  part  fastened 
to  the  breast  and  back.  He  usually  hauls  himself  up  by  means  of 
a  rope ;  but  should  he  wish  to  ascend  suddenly  he  has  only  to  close 
the  escape-valve,  when  the  air  inflates  the  waterproof  dress  and 
causes  him  to  float  to  the  sur&ce.  If  necessary,  he  carries  a  bull's- 
eye  lantern,  air  and  water-tight,  and  supplied  with  air  in  the  same 
manner  with  the  helmet;  the  chimney  has  a  flexible  dischaige- 
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pipe  ascending  to  the  suiface,  with  a  valve  opening  outwards.  This 
lamp  is  required  more  especially  in  turbid  water.*  In  America  a 
diving  helmet  has  been  used  maide  wholly  of  glass. 

II.  The  Diving  Bell  commonly  used  is  shaped  like  a  rectangular 
box  with  rounded  comei-s,  measuring  about  six  feet  by  four  feet 
horizontally,  and  five  feet  high,  two  inches  thick  in  the  top  and 
upper  part  of  the  sides,  and  increasing  to  three  and  a-half  inches  or 
thereabouts  at  the  lower  edge,  for  the  sake  of  stability.  It  usually 
weighs  about  five  tons,  and  displaces  three  and  a-half  tons  of  water, 
or  thereabouts,  when  quite  filled  with  air:  the  difference  is  the 
load  on  tiie  crane  and  windlass  by  which  it  is  lowered  and  raised. 
It  has  a  number,  not  usually  exceeding  twelve,  of  bull's  eyes,  or 
glazed  holes  in  the  top  to  admit  light ;  they  are  eight  or  ten  inches 
in  diameter,  and  the  glass  about  two  inches  thick.  The  flexible 
feed-pipe  for  supplying  compressed  air  is  about  three  inches  in 
diameter.  If  the  quantity  of  air  required  be  calculated  according 
to  the  data  already  stated  as  to  the  supply  of  foundation-cylinders 
(Article  406,  p.  608),  or  according  to  the  usual  practice  in  public 
buildings,  it  should  amount  to  about  twelve  cubic  feet,  measured 
at  atmospheric  pressure,  per  man  per  mi7mte.  Signals  may  be 
made  by  persons  in  the  bell  to  those  at  the  pumps  and  crane  by 
pulling  cords  and  ringing  bells. 

III.  The  Diving  Boat  (of  which  different  kinds  have  been  in- 
vented by  Dr.  Payeme  and  others)  is  a  diving  bell  on  a  large  scale, 
conveniently  shaped  for  being  moved  about,  and  provided  with  a 
magazine  of  compressed  air,  contained  in  a  casing  surrounding  the 
working  chamber  or  bell.  This  magazine  answers  the  purpose  of 
the  air-bladder  of  a  fish,  by  enabling  those  within  the  bell  to  make 
it  sink  and  rise  at  will;  for  by  injecting  water  with  a  forcing- 
pump  into  the  magazine,  the  boat  becomes  heavier,  and  sinks;  and 
by  opening  an  escape-cock  at  the  bottom  of  the  magazine,  the  water 
is  forced  out  by  the  compressed  air,  and  the  boat  becomes  lighter 
and  rises. 

412.  BmbaaklBg  aad  BnlMlnn  ■■4«r  Water.  (See  also  Article 
205,  p.  344.) — Embankments  imder  water  may  be  made  by  tipping 
in  the  material  from  a  stage  supported  on  posts  or  on  screw  piles, 
or  from  boats ;  a  moveable  inclined  plane  or  shoot  being  used  to 
direct  the  material  to  the  spot  where  it  is  to  fall.  Stones  and 
gravel  are  in  general  the  only  materials  whose  stability  can  be 
relied  on  when  exposed  to  currents  in  the  water;  and  the  diameter 
of  the  smallest  pieces  should  not  be  less  than  about  one  twenty- 
fourth  part  of  the  velocity  of  the  cunent  in  feet  per  second.   When 

*  See  deecription  of  He!nke*8  Diving  Appantns,  in  the  CivU  EngUuer  and 
Architect'  Journcd  for  September,  1860. 
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the  outside  of  an  embankment  is  formed  with  stoDes,  the  interior  my 
be  filled  with  smaller  and  softer  materials.  In  water  not  s^tated 
by  waves  an  embankment  of  loose  stones  will  stand  at  a  elope 
ranging  from  that  of  1  to  1  to  that  of  2  to  1 ;  bnt  where  it  is 
exposed  to  waves,  it  must  be  faced  with  blocks  set  bj  hand,  with 
the  aid  of  diving  apparatus,  if  necessaiy,  the  least  dimension  of 
any  block  in  the  &cing  being  not  less  than  two-tbirds  of  the  greatest 
height  of  a  wave  from  trough  to  crest.  Further  remaikF  on  tliis 
will  be  made  in  a  later  chapter. 

A  loose  stone  embankment  may  be  protected  against  waves  and 
currents  by  means  of  wooden  crib-work.  • 

Hydraulic  concrete  can  be  laid  under  water  simply  by  poming  it 
into  an  excavation,  or  into  a  space  enclosed  with  a  timber  or  iron 
casing,  the  surface  of  each  layer,  in  deep  water,  being  levelled  and 
smoothed  with  the  aid  of  (Uving  apparatus.  R^nlar  masomy, 
whether  consisting  of  stones,  or  of  large  blocks  of  hardened  concrete, 
requires  the  aid  of  diving  apparatus  during  the  whole  process  of 
building. 

For  the  facing  of  searworks  exposed  to  the  action  of  wav» 
in  deep  water,  such  as  breakwaters,  enormous  blocks  of  hydraulic 
concrete  are  sometimes  used,  measuring  from  12  to  27  cubic  yards 
in  volume.  For  the  protection  of  these  against  the  coiroding 
action  of  sea>water,  a  method  has  lately  been  introduced  of  coating 
them  all  over,  to  a  thickness  of  about  three  inches,  with  asj^tic 
concrete,  composed  of  two  parts  of  asphaltic  mastic  (Article  254, 
p.  376^  and  three  of  broken  stone.  (See  a  paper  by  M.  l^i^ 
Malo,  m  the  Annales  des  PorU8  et  Chaussees,  1861.) 

In  ashlar  masonry  which  is  to  be  exposed  to  very  violent  shocb 
from  the  waves,  such  as  that  of  lighthouses,  the  stones,  besides 
being  fastened  together  by  metal  cramps,  are  sometimes  bonded 
also  by  dove-tailing,  in  the  manner  shown 
in  plan  by  ^,  275,  which  represents  part 
of  a  course  of  a  lighthouse.     This  was  firf^ 
practised  by  Smeaton  at  the  Eddystone 
lighthoiise.     Its 'chief  use  is  to  resist  the 
tendency  which  the  stones  at  the  &oe  of& 
wall  have  to  jump  out  immediately  afber 
Rg.  275.  receiving  the  blow  of  a  wave.    Stones  of  dif- 

ferent courses  are  sometimes  connected  by 
tabling,  which  consists  in  making  flat  projections  on  tbe  beds  of 
the  stones  which  fit  into  corresponding  recesses  in  the  bed^  ^ 
those  above  and  below  them. 
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CHAPTER  I. 

OF  LINES  OF  LAin>-GARRIAGE. 

Section  I. — Of  Lines  of  LandrGwrriagt  in  General. 

413.  Ckaenil  Natare  mt  w«rfca. — The  works  which  constitute  a 
line  of  land-carriage  (exclusive  of  the  buildings  and  machinery  by 
the  aid  of  which  the  traffic  is  carried  on)  may  be  divided  into 
PERMANENT  WAY  and  FOBXATiON;  the  permanent  way  being  that 
part  of  the  structure  which  directly  beims  the  traffic,  and  the  form- 
ation, the  whole  of  the  rest  of  the  works,  whose  object  is  to  make 
and  preserve  a  suitable  passage  for  the  permanent  way  across  the 
country.  In  a  restricted  sense,  the  vfor^  formation  orfwming  is  ap- 
plied to  the  base  or  surface  on  which  the  permanent  way  directly  rests. 

As  the  methods  of  constructing  the  works  which  constitute  the 
FORMATION,  in  the  widest  sense,  have  been  described  in  the  pre- 
ceding part  of  this  treatise,  it  is  only  necessary  in  the  present  chapter 
to  enumerate  them  (referring  to  the  places  where  they  are  described 
in  detail),  and  to  state  the  principles  according  to  which  they  are 
adapted  to  particular  lines  of  conveyance.  They  may  be  thus 
classed: — 

I.  Ewrihworky  consisting  of  cuttings  and  embankments,  to  make 
)>assageB  through  hills  and  over  valleys  respectively.  (See  Part  II., 
Chapter  IL,  p.  310.) 

II.  Fences. — ^As  to  temporary  fences,  see  Article  189,  p.  333. 
Permanent  fences  will  be  again  referred  to. 

III.  DrainSy  which  are  treated  of  in  the  same  chapter  in  their 
relation  to  earthwork.  As  to  the  masonry  of  large  drains,  see 
Article  297  A,  p.  433. 

IV.  Retaining  TTo^.— (See  Articles  265  to  275,  pp.  401  to  413.) 

V.  Levd  Crossings  of  oliier  lines  of  communication  will  be  again 
mentioned  further  on. 

VL  Bridges^  which  may  be  classed  according  to  their  purposes, 
or  according  to  their  materials. 
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The  purpose  of  a  bridge  may  1 

A.  To  croBB  over  or  under  some  existing  line  of  communication, 
whicli  it  is  either  impracticable  or  inexpedient  to  cross  on  the 
l<>veL  In  this  case  there  are  in  general  certain  minimum  dimensions 
fixed  by  law  or  by  agreement  for  the  passage  to  be  allowed  for  the 
existing  line,  which  will  be  again  referred  to. 

B.  To  cross  a  valley,  in  which  an  embankment  would  be  im- 
practicable, or  too  expensive,  or  otherwise  inexpedient  In  this 
case  the  bridge  is  called  a  viaducL 

C.  To  cross  a  stream,  river,  estuary,  strait,  or  other  piece  of  water. 
The  principles  to  be  observed  in  this  case,  in  order  that  the  current 
may  not  b^  impeded,  nor  the  navigation  (if  any)  injured,  will  be 
referred  to  in  a  subsequent  chapter. 

The  materials  of  a  bridge  may  be — 

€L  Masonry  or  brickwork;  as  to  which,  see  Part  IL,  Chapter  III., 
p.  349,  and  in  particular,  Section  VIII.,  p.  413. 

6.  Timber;  as  to  which,  see  Part  IL,  Chapter  lY.,  p.  437,  and  in 
l^rticular.  Article  336,  p.  465,  and  Articles  341  to  349,  pp.  A65  to 
492. 

c.  Iron;  as  to  which,  see  Part  II.,  Chapter  Y.,  p.  494. 

As  to  the  ordinaxy  jfbundcUions  of  bric^ges,  see  Part  IL,  Chapter 
III.,  Section  lY.,  p.  377;  and  as  to  the  more  difficult  kinds  of 
foundations,  see  Chapter  YI.,  Section  II.,  p.  601. 

YII.  Tunnels;  as  to  which,  see  Part  IL,  Chapter  YL,  Section  L. 
p.  588. 

The  PERXAKEMT  WAT  of  a  line  of  land-carriage  is  either  a  road^  a 
railway y  or  a  tratntvay ;  the  essential  distinctions  being  that  a  road 
presents  a  firm  surface  of  a  certain  breadth,  which  can  be  traversed 
by  vehiclas  over  all  its  parts  and  in  all  directions;  a  rmkea^f 
confines  vehicles  to  certain  definite  tracks,  by  means  of  rails  ou 
which  specially  formed  wheels  run;  a  tramway  is  intermediate 
between  these,  and  consists  of  flat  rails  laid  on  a  part  of  the 
surface  of  a  road,  and  so  formed  that  vehicles  with  wheels  suited 
for  an  ordinary  road  can  run  upon  them  when  required 

414.  SeiMtiMi  •r  E.ine  nnd  iicvcii. — ^The  selection  of  the  poeition 
of  a  line  of  conveyance  depends  on  statistical  and  commercial,  as 
well  as  mechanical  considerations;  but  although  the  former  come 
frequently  under  the  notice  of  the  engineer,  they  are  foreign  to  the 
proper  subject  of  this  treatise. 

Lql  a  purely  engineering  point  of  view,  the  object  to  be  aimed  at 
in  laying  out  the  courfte  of  a  line  of  communication  is  to  convey  the 
traffic  with  the  least  expenditure  of  motive  power  consistent  with 
due  economy  in  the  construction  of  the  works.  Economy  of  motive 
power  13  promoted  by  low  summit-levels,  flat  "  gradients"  (as  the 
rates  of  declivity  of  lines  of  land-carriage  are  called),  low  summit- 
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levels,  easy  curves,  and  a  direct  line ;  but  limitations  to  the  height 
of  summits,  the  steejmess  of  gradients,  and  the  sharpness  of  curves, 
limit  also  the  power  of  adapting  the  line  to  the  inequalities  of  the 
ground,  and  so  economizing  works. 

The  data  required  by  the  engineer  in  order  to  enable  him  lo 
select  a  line,  and  the  means  of  obtaining  these  data,  have  been 
stated  in  Part  L,  Chapter  I.,  Article  11,  p.  9,  and  farther  explained 
in  subsequent  articles  of  that  part;  and  as  regards  borings,  pits, 
and  mines,  in  Part  IL,  Article  187,  p.  331,  and  Articles  391,  392, 
pp.  589  to  5d5.  The  general  character  of  the  inequalities  of  the 
ground,  or  "  features  of  the  country,"  and  the  modes  of  represent- 
ing them,  have  been  described  in  Part  L,  Articles  58,  59,  60,  pp.  93 
to  98. 

A  projected  line  of  communication  may  either  be  limited  to  the 
connection  of  two  points  in  the  same  valley,  or  it  may  have  to  connect 
points  in  two  or  more  valleys,  by  crossing  the  ridges  between  them. 
In  the  former  case,  there  is  no  summit-level  to  cross ;  in  the  latter, 
there  may  be  one  or  more  summit-levels.  In  general,  the  best 
point  for  crossing  a  ridge  is  the  lowest  pass  (see  Article  58,  pp.  94, 
95)  which  occurs  in  the  district  to  be  traversed;  but  cases  may 
arise  in  which  a  higher  pass  is  to  be  preferred  to  a  lower,  because 
of  its  being  more  easily  accessible,  or  because  of  its  offering  greater 
facilities  for  cutting  or  tunnelling.  The  ridge  ought  to  be  crossed 
as  nearly  as  possible  at  right  angles. 

When  a  line  of  communication  has  to  cross  a  great  valley,  the 
following  principles  are  to  be  observed  as  far  as  practicable : — To 
choose  a  narrow  part  of  the  valley;  to  cross  the  deepest  part  of  it 
as  nearly  at  right  angles  as  possible ;  to  find,  if  possible,  firm  ground 
for  the  foundation  of  a  viaduct,  or  of  a  high  embankment 

The  principle  of  crossing  obstacles  as  nearly  as  possible  at  right 
angles  applies  to  bridges  over  rivers,  and  over  or  under  other  lines 
of  communication.  The  cost  of  a  skew  bridge  increases  nearly  as 
the  square  of  the  secant  of  the  obliquity. 

When  a  line  of  communication  runs  along  one  side  of  a  valley, 
the  obstacles  which  it  has  to  cross  are  chiefly  the  small  branch 
valleys  that  run  into  the  main  valley,  and  the  promontories  or  ends 
of  branch  ridge-lines  that  jut  out  into  the  main  valley  between  the 
branch  valleys.  In  this  case  the  greatest  economy  of  works  is 
attained  by  taking  a  serpentine  course,  concave  towards  the  main 
valley  in  crossing  the  branch  valleys,  and  convex  towards  the  main 
valley  in  going  round  the  promontories,  except  where  naiTow  necks 
in  the  promontories  and  narrow  gorges  in  the  branch  valleys 
enable  a  more  direct  course  to  be  taken  with  a  moderate  amount  of 
work. 

In  ascending  the  head  of  a  steep  valley  towards  a  high  pass,  it 
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may  be  sometimeB  neoeesary  to  take  a  aerpentiiie  or  e^en  a  &;:• 
ag  ooarae  in  order  to  obtain  a  sufficiently  easy  gradiefuty  in- 
dependently  of  oonaiderationa  of  economy  of  work.  In  a  fev 
instanoes  a  projecting  promontory  or  spar  of  a  mountain  haa  befn 
made  available  for  t£e  ascent  of  a  line  of  oonyeyance  to  a  pass,  by 
layiDg  ont  the  line  in  a  spiral  course,  each  coil  of  the  sfii^l  passing; 
first  through  the  promontory  by  a  tunnel,  and  then  winding  nniD^l 
outside  of  it. 

It  is  obviously  difficult  to  lay  out  a  line  of  conveyance  so  as  ut 
once  to  accommodate  the  traffic  which  passes  along  the  lower  part 
of  a  large  and  deep  valley,  and  that  which  passes  over  the  j^  ^^ 
its  head ;  for  in  order  to  reach  the  summit  easily,  the  line  mxssi 
quit  the  lower  part  of  the  valley  at  a  certain  distance  from  the 
pass,  and  ascend  gradually  along  the  sides  of  the  hills,  so  that  in  somt 
cases  a  branch  line  may  be  required  for  the  lower  part  of  the  vallev. 

In  the  formation  of  all  lines  of  conveyance,  it  is  advisable  ti' 
avoid  long  reaches  of  level  line  in  cutting,  as  being  difficult  to  drain- 
(See  Article  193,  p.  335.) 

As  to  crossing  a  great  plain,  see  Article  203,  p.  342.  In  thi^ 
case  the  level  of  the  line  of  communication  is  generally  fixed  m  ^ 
to  be  sufficiently  high  above  the  highest  water-level  of  floods. 

415.  The  Bviiag  Ora^toBt  of  a  luie  of  communication  means  the 
steepest  rate  of  inclination  which  prevails  generally  on  the  lint- ; 
being  exceeded  only  on  exceptional  portions,  where  aozili&n' 
motive  power  can  he  provided,  or  where  the  loads  to  be  oonvej^ed 
up  the  ascent  are  lighter  than  on  other  portions  of  the  line.  T2)<' 
economy  with  which  the  works  can  be  constructed  depends  mainlr 
on  the  steepness  admissible  for  the  ruling  gradient. 

Two  things  are  chiefly  to  be  considered  in  fixing  a  rniiug 
gradient :  the  motive  power  available  in  ascending,  and  the  avoid- 
ance of  waste  of  power  in  descending. 

Let  W  denote  the  greatest  gross  load  to  be  dragged  up  an  ascent ; 
/,  the  proportion  of  the  resistance  to  the  load  on  a  lereJ; 
»,  the  sine  of  the  angle  of  inclination  of  the  ascent;  then 

is  the  greatest  resistance  to  be  overcome  in  ascending  the  ralu>^ 
gradient;  and  this  should  not  exceed  the  greatest  tractive  f(^ 
which  the  prime  mover  is  capable  of  exerting.  Let  P  be  that  for«; 
then 

(/+ 1}  W  should  not  be  greater  than  P;  or,  in  ^ 
other  words,  ^     n  \ 


p 

t  should  not  be  greater  than  -^  — /, 


} 
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The  fulfilment  of  this  condition  is  essential.  Another  condition, 
^hich  it  IB  desirable  to  fulfil,  if  possible,  is,  that  no  mechanical 
energy  shall  be  wasted  through  the  necessity  of  using  bi*akes,  or  of 
backing  the  prime  mover,  in  order  to  prevent  ezoesaive  acceleration 
of  speed  in  descending  ^e  ruling  gradient;  and  to  fulfil  this  con- 
dition 

i  should  (if  possible),  not  exceed  /. (2. ) 

The  co-efficient  of  resistance /differs  very  much  for  different  sorts 
of  permanent  way.  In  each  case  it  consists  of  two  parts;  one 
arising  from  friction,  and  constant  at  sll  speeds,  and  another  arising 
from  vibration,  and  increasing  with  the  velocity ;  so  that  it  may 
have  different  values  in  the  formula  1  and  2;  that  in  formula  1 
corresponding  to  the  least  speed  of  ascent  consistent  with  the  con- 
venience of  ti^e  traffic,  and  that  in  formula  2  corresponding  to  the 
grecUest  speed  of  descent  consistent  with  safety. 

When  the  traffic  is  heavier  in  one  direction  than  in  another,  the 
ruling  gradient  in  the  direction  of  the  ascent  of  the  lighter  traffic 
may  be  the  steeper. 

As  a  general  consequence  of  these  principles,  it  is  obvious  that 
the  less  the  proportion  of  the  resistance  on  a  level  to  the  load,  the 
flatter  must  be  the  ruling  gradient,  and  the  flatter  the  ruling 
gradient  is  the  heavier  are  the  works,  and  the  more  difficult  is  it  to 
lay  out  the  line.  Such,  for  example,  is  the  case  with  railways,  a^ 
compared  with  roads.  In  railways  additional  expense  and  difficulty 
are  occasioned  by  the  necessity  of  certain  limitations  as  to  the  sharp- 
ness of  the  curves;  but  these  will  be  explained  in  Section  IV. 

Section  IL — Of  Roads, 

416.  Bcsiattuice  of  Tehlclm  and  BvIIhk  Oradl«iils« — The  vehicles 
capable  of  being  used  on  roads  may  be  distinguished  into  sledges 
and  wheel-carriage&  The  only  cases  in  which  sledges  are  suitable 
vehicles  for  roads  are  those  in  which  the  surface  is  either  too  soft  or 
too  steep  to  admit  of  the  use  of  wheel-carriages  with  safety.  Their 
resistance  on  roads  has  not  been  determined  precisely  by  experiment  * 

The  resistance  of  wheel-carriages  on  roads  consists  of  a  constant 
part,  and  a  part  increasing  with  the  velocity.  According  to  Gene- 
ral Morin,  its  proportion  to  the  gross  load  is  given  approximately 
by  the  following  formula : — 

/={«  -f  6  (i;  -  3'28)f  ^  r; (1.) 

*  The  reristance  of  an  iron-shod  sledge  on  hardened  enow  is  stated  by  Kossak  to 
be  about  1-dOth  of  the  gross  load. 
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where  r  in  the  radius  of  the  wheels  in  ind^es^  v  the  velocity  in  feet 
per  second,  and  a  and  6  two  coostantB,  whose  Talues  for  cftcm^ss 
with  springs  are  as  follows : — 

/for  AVheels  of  18  Incbes 
a         h  Radiii& 

r  =  14-67  r=r33 

For  good  broken  stone  roads,  -4  to  55  -025  '038  to  -046  -028  to  1036 

Forpayement«, [^"^f      *^7       -068         -060  -030. 

*^  '  I      to      -39       -03  -041  -028. 

For  carnages  vnthout  springs^  the  constant  h  is  about  Z\  timi'^ 
greater  than  for  those  with  springs. 

The  following  table  is  found^  chieflj  on  experiments  by  Sir 
John  Macneill : — 

/ 

Stone  pavement, i-68th  =  -015 

Broken  stone  road  on  a  firm,  foundation,  i-49th  =  *020 

Broken  stone  road  on  a  foundation  of)  ,  ^  xi.         ^^« 

flints, ;  '■3**''  =  °'9 

Gravel  road, i-i5th  =  -067 

Soft  sandy  and  gravelly  ground, i-7th    =-143 

Telford  estimated  the  average  resistance  of  carriages  on  » 
level  })art  of  a  good  broken  stone  road  at  <me-thirtieih  of  the  gro»^ 
load;  and  according  to  the  principle  expressed  in  Article  41  «^, 
equation  2,  he  assigned  1  in  30  as  the  ruling  gradient  which  ought, 
cts/ar  as  possible,  to  be  adopted  on  a  turnpike  road. 

If  the  tractive  force  which  a  horse  can  exert  steadily  and  cor- 
tinuously  at  a  walk  be  estimated  at  120  lbs.,  the  adoption  of  a 
ruling  gradient  of  1  in  30,  the  resistance  on  a  level  being  l-30th 
of  the  load,  insures  that  each  horse  shall  be  able  to  draw  up  ti^ 
steepest  declivity  of  the  road  a  gi-oss  load  of 

120  X  30  ^  2  =  1,500  lbs. 

A  horse  can  exert,  for  a  short  time,  an  effort  two  or  three  tim^ 
greater  than  that  which  he  can  keep  up  steadily  during  his  dap 
work;  and  thus  steeper  ascents  for  short  distances  may  be  au- 
mounted. 

In  the  roads  laid  out  by  Telford,  the  ruling  gradient  of  one  in  30 
is  adhered  to,  wherever  it  is  practicable  to  do  so ;  and  sometimes 
considerable  circuits  are  made  for  that  purpose.  Occasionally, 
however,  he  found  it  necessary  to  introduce  steeper  gradients  for  » 
short  distance,  such  as  1  in  20,  or  1  in  15. 

417.   I^riac  •■•  ui4   VMnmtloM   m€  WUmdm  Im  CSMwniL — ^Hean* 


.     BOADS.  625 

iieorks  of  earth  and  masonrj  seldom  occur  on  lines  of  road,  iirhich 
&re  often,  throughout  the  greater  part  of  their  extent,  made  on  the 
natural  surface  of  the  ground.  In  this  case  the  operation  of  form- 
ing the  road  consists  simply  in  digging,  in  ground  that  is  level 
across,  a  drain  at  each  side  of  the  road,  and  in  ground  that  has  a 
sidelong  slope,  a  drain  at  the  uphill  side;  throwing  the  earth 
from  the  drains  on  the  track  of  the  intended  road,  so  as  to  raise  it 
slightly  above  the  adjoining  ground,  and  levelling  any  small 
inequalities  that  occur  in  its  course.  According  to  M'Adam,* 
tbis  is  all  that  is  required  preparatory  to  laying  the  covering  or 
**  metal "  of  the  road,  even  in  swampy  grounoL  According  to 
other  authorities,  it  is  advisable,  in  marshy  ground,  to  prepare 
a  foundation  for  the  road  by  means  resembling  those  employed  in 
embanking  over  soft  ground  (Article  204,  p.  342) ;  for  example,  by 
digging  a  trench  2  or  3  feet  deep,  and  filling  it  with  clean  sand  or 
gravel,  as  a  base  for  the  road;  or  by  spreading  a  layer  of  dried 
peat,  or  of  &scines,  so  as  to  form  a  sort  of  raft  to  float  on  the 
morass.  When  fascinea  are  used  for  this  purpose,  they  will  rapidly 
decay  unless  they  are  constantly  wet.  They  consist  of  bundles  of 
twigs,  20  feet  long,  or  thereabouts,  and  from  9  to  12  inches  in 
diameter,  and  are  laid  in  layers  alternately  lengthwise  and  cross- 
wise, and  fastened  with  pegs,  tmtil  a  bed  is  formed  about  18  inches 
deep,  over  which  gravel  is  spread. 

418.  Brauith  and  Crmm  >ecitoH. — For  the  ordinaiy  breadth  of  the 
carriageway  of  a  turnpike  or  main  road,  about  30  feet  is  a  suf- 
ficient width,  with  5  or  6  feet  additional  for  a  footway  at  one  side. 

For  cross-roads  smaller  widths  are  sufficient,  such  as  20  feet  for 
the  carriageway,  and  5  feet  for  the  footway. 

The  widths  prescribed  by  law  in  Britain  for  those  parts  of  public 
roads  which  are  interfered  with  by  railways  are  as  follows : — 

Turnpike  roads, 35  feet 

Public  carriage  roads  (not  turnpike), 25     „ 

For  the  widths  of  roadways  in  populous  towns  and  their  neigh- 
bourhood no  general  rule  can  be  laid  down. 

In  some  of  those  cases  in  which  the  traffic  is  greatest,  the  width 
of  carriageway  is  about  50  feet,  with  a  pair  of  footways,  each  from 
10  to  15  feet  wide. 

The  carriageway  should  have  a  slight  rise  or  convexity  in  the 
middle,  in  order  that  water  may  run  off  it  towards  the  sides;  and 
for  that  purpose  from  4  inches  to  6  inches  is  sufficient  This 
convexity  should  be  given  to  the  /ormatum,  so  that  the  thickness 

*  See  H*Adtm  On  Boads,  ninth  edition,  1827. 
2s 
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of  covering  may  be  uniform.  The  footways  should  be  nearly  level 
with  the  highest  part  or  crown  of  the  carriageway,  and  have  a  very 
slight  slope  towards  the  carriageway. 

For  the  form  of  cross-section  of  the  convexity  of  the  carriage- 
way, Telford  recommends  a  very  flat  ellipse;  but  Mr.  Walker 
prefers  two  straight  lines,  connected  by  a  short  curve  at  the  carown. 
He  advises,  also,  that  every  part  of  a  road  should,  as  &r  as 
practicable,  have  a  slight  declivity  longitudinally,  to  facilitate 
drainage. 

419.  Drataage  and  FeBeiaf. — ^The  side-drains,  which  have  already 
been  mentioned,  are  similar  to  those  of  pieces  of  earthwork,  as  to 
which,  see  Articles  190,  193,  202,  pp.  304,  305,  342.  A  depth  of 
2  or  3  feet  is  in  general  sufficient  for  them ;  and  when  they  are 
open  ditches,  they  may  be  &om  3  to  4  feet  wide  at  the  top.  If 
covered,  they  may  consist  of  earthenware  tubes  of  6  inches  diameter, 
or  thereabouts,  on  an  average,  or  built  culverts  of  about  12  inches 
square.  Roadways  in  towns  are  in  general  drained  into  under^ 
ground  sewera 

The  gutters  or  chcmnds  run  along  each  side  of  the  caniageway, 
and  are  usually  about  3  inches  deep.  Th^  collect  the  sai&oe- 
water  from  the  road,  and  discharge  it  into  the  side-drains  through 
transverse  tubes,  which  pass  below  the  fences  and  footway. 

Mitre  draina  are  small  undeigroimd  tile  drains  or  tubes,  diverging 
obliquely  from  the  centre  line  of  the  roadway  at  intervals  of  60 
yards  or  thereabouts,  and  leading,  with  a  declivity  of  about  1  in 
100,  into  the  side-drains. 

In  towns  the  channels  discharge  their  water  into  the  sewer 
through  passages  called  guUy-holeSy  sometimes  having  horizontal 
openings  covered  by  gratings,  sometimes  vertical  openings  in  the 
curb  of  the  footway.  In  order  to  prevent  the  escape  of  foul  air 
through  them,  they  are  provided  with  siphon  traps,  or  with  valves 
opening  inwards. 

When  a  road  is  drained  by  an  open  ditch,  the  fence  should  be 
between  the  ditch  and  the  road.  The  permanent  fences  of  roads 
are  usually  either  hedges  or  walls.  According  to  Telford,  thej 
should  not  exceed  5  feet  in  height,  in  order  that  the  son  and  wind 
may  have  free  access  to  the  road  to  dry  it. 

420.  BMkMt  sc*«e  wumdm, — ^The  true  principles  of  the  oonstrae- 
tion  of  roads  covered  with  broken  stone  were  discovered  by  John 
Loudon  M'Adam,  and  are  frdly  described  in  his  work  On  Boad» 
already  referred  to. 

The  stone,  or  "  road  metaily^  should  be  hard,  tou^,  and  durable 
(On  these  points,  see  Part  IL,  Section  L,  pp.  349  to  361.)  The 
best  materials  are  granite  (p.  355)  and  trap-rock,  or  whinstone 
(p.  356).    Hard  compact  limestone  (p.  359)  may  also  be  uaed,  and 
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gravel  composed  of  flints  (p.  357);  but  all  flints  should  be  broken 
into  angular  pieces,  as  if  for  making  concrete. 

The  stones  are  broken  down  by  means  of  a  hammer  with  a  steeled 
face,  into  smaller  and  smaller  pieces,  until  at  length  they  are 
reduced  to  pieces  roughly  approximating  to  a  cubical  shape,  and 
not  exceeding  6  ounces  in  weight;  which,  on  an  average,  is  the 
weight  of  a  cube  of  stone  of  1*6  inches  in  the  side.  M'Adam 
directed  each  road  inspector  to  caiTy  a  small  balance,  so  as  to  be 
able  to  test  the  weight  of  a  few  stones  from  each  heap.  Another 
mode  of  testing  that  the  stone  is  broken  small  enough  is  by  means 
of  a  brass  ring  2^  inches  in  diameter,  through  which  no  piece  should 
be  too  large  to  pass. 

Beside  breaking  all  gravel  into  angular  pieces,  it  should  be 
screened,  to  clear  it  of  earth. 

The  road  metal,  thus  prepared,  is  to  be  evenly  spread  over  the 
road  with  a  shovel  and  rake,  in  three  successive  layers  of  between  3 
and  4  inches  deep,  each  layer  being  left  to  be  partly  consolidated 
by  traffic  before  another  is  laid ;  and  thus  is  formed  a  firm,  compact 
bed  of  angular  fragments  of  stone  about  10  inches  thick,  which  is 
impervious  to  water,  or  nearly  so,  and  which  soon  acquires  a  smooth 
smdface. 

Accordiug  to  M'Adam,  10  inches  ia  the  greatest  thickness  of 
metal  required  for  any  road,  from  5  to  9  inches  being  often 
sufficient;  and  his  practice  was  to  lay  the  metal  simply  on  the 
natural  ground,  with  no  preparation  except  levelling  inequalities 
and  digging  drains,  as  described  in  Article  417,  p.  625. 

According  to  the  practice  of  Telford,  before  laying  down  the 
metal,  a  foundation  or  ^^  hoUoming"  is  laid,  consisting  of  pieces  of 
durable,  but  not  necessarily  hard  stone,  measuring  from  4  to  7 
inches  in  each  dimension.  The  largest  of  those  pieces  are  set  by 
hand,  with  their  largest  sides  resting  on  the  formation,  and  between 
these  the  smaller  pieces  are  packed,  so  as  to  form  a  compact  layer 
about  7  inches  deep  in  the  centre  of  the  road,  and  4  inches  deep  at 
the  sides,  part  of  the  convexity  being  made  in  this  manner.  Above 
this  bottoming  the  metal  is  spread  as  already  described. 

A  broken  stone  road  is  repaired  by  slightly  loosening  the  sur&ce 
with  a  pick,  and  spreading  uniformly  over  it  a  layer  of  metaL 
Unless  the  surface  la  first  loosened,  the  new  metal  will  not  bind  or 
consolidate  with  the  old.  The  practice  of  repairing  roads  by 
patches,  called  "  damiug,"  is  bad. 

In  order  to  make  the  traffic  on  a  broken  stone  road  easier  when 
it  is  first  laid,  a  layer  of  sand  and  gravel,  called  '^  Uinding^  is  some- 
times spread  over  it ;  but  this  practice  is  a  bad  one,  for  the  sand 
and  gravel  work  their  way  between  the  fragments  of  stoue,  and 
prevent  their  ever  forming  so  compact  a  mass  as  the^  ought  to  do. 
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Wben  mud  forms  on  the  cmrfkce  of  a  road,  it  is  to  be  ranoTed  W 
BCtupiDg ;  bttt  if  the  road  is  well  made  of  good  materials^  little  of 
that  work  is  required. 

Wheels  of  small  diameter  are  the  most  destructive  to  roads. 

According  to  Telford,  the  load  on  a  broken  stone  roadway  onghi 
not  to  exceed  one  ton  on  each  wheel :  the  tire  of  the  wheel,  for  a  load 
of  one  ton,  being  four  inches  broad.  The  limitation  as  to  load 
agrees  with  general  practice ;  but  the  breadth  of  four  inches  for  & 
load  of  one  ton  per  wheel  appears  to  be  only  necessary  for  rehides 
without  springs;  for  those  properly  provided  with  springs,  a 
breadth  of  from  2  to  2^  inches  is  sufficient  under  any  \(md  of 
ordinary  occurrence,  provided  they  are  to  run  on  firm  and  compact 
roadways  only.  On  soft  and  loose  roadways  an  additional  breadth 
of  wheel  prevents  the  resistance  from  being  so  great  as  it  would  be 
with  narrow  wheels.  The  consolidation  of  a  Inroken  stone  rr«ul 
may  be  hastened  by  rolling  it  with  a  cast  iron  roller  weighing  fron 
1  to  3  tons  if  drawn  by  horses;  in  France,  steam-rollers  weigfain|r 
10  tons  have  lately  been  introduced.  (See  Annales  des  Fonis  d 
Chauueen,  1861.) 

421.  0IMW  gavfi— f. — ThefofwndtsHon  of  a  stone  pavem^it  mar 
consist  either  of  a  layer  of  hydraulic  concrete,  or  of  rubble  masonry 
set  in  hydraulic  mortar,  fix)m  6  to  9  inches  deep ; 

Or  of  three  successive  layers  of  broken  stone  road  metal,  each 
about  4  inches  deep,  consolidated  by  allowing  the  traffic  to  run 
upon  them  for  a  time; 

Or  of  three  well-rammed  layers  of  gravel,  each  4  inches  deep, 
with  a  layer  of  sand  about  1  inch  deep  on  the  top. 

The  best  materials  for  stone  pavements  are  syenite  and  granite, 
the  hardest  that  can  be  found ;  and  the  next,  trap  or  '^  whinstoneL** 
Stones  of  a  laminated  structure  are  to  be  avoided  if  possible;  and 
should  it  be  absolutely  necessaiy  to  use  them,  they  are  to  be  spt 
with  their  beds  or  laminn  on  edga 

Paving-stones  should  be  roughly  squared,  special  care  being  taken 
that  they  do  not  taper  downwards.  They  are  to  be  set  in  regular 
courses,  running  aci-oss  the  roadway,  and  breaking  joint  with  each 
other.  In  order  that  the  stones  may  not  tend  to  cant  or  tilt  over, 
their  depth  in  a  vertical  direction  should  be  somewhat  more  than 
double  their  horizontal  breadth :  for  the  same  reason,  the  leogth 
should  be  equal  to  the  depth,  or  not  much  greater.  The  dimensions 
usually  adopted  i 


Breadth  (in  a  direction  along  the  roadway), 4  indiea 

Depth  (in  a  vertical  direction), 9      „ 

^^w?)  *  ^''^''''  **''^  ^^^  Ifrom  9  to  12     „ 
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Paving-stones  are  sometimes  made  to  taper  slightly  towards  the 
top,  so  that  their  joints  are  close  below,  and  open  to  the  extent  of 
an  inch  or  thereabouts  above,  the  wedge-formed  spaces  thus  left 
being  filled  with  gravel,  or  chips  of  stone,  imbedded  in  bituminous 
cement.  (Article  234,  p.  376.)  This  gives  a  more*  secure  footing 
to  horses  than  a  close-jointed  pavement 

Small  pieces  of  granite,  nearly  cubical,  and  measuring  about  4 
inches  each  way,  have  been  used  at  Euston  Square  Station.  They 
rest  on  a  layer  of  sand  1  inch  deep,  and  three  layers  of  gravel  mixed 
with  chalk,  each  4  inches  deep,  and  are  set  as  close  as  possible. 

PaYing-stones  are  rammed  into  their  places  with  a  wooden 
rammer  or  beetle,  weighing  about  55  lbs.  A  small  steam-hammer 
has  been  sometimes  used  for  this  purpose. 

They  may  be  covered,  when  first  laid,  with  a  blinding  of  sand  and 
£ne  gravel,  about  an  inch  or  an  inch  and  a-half  deep,  to  fill  the 
joints  by  degrees. 

Their  joints  may  be  made  water-tight  by  being  laid  in  cement  or 
hydraulic  mortar;  or  in  iron-turnings,  which  rust,  and  make  a  sort 
of  cement  with  the  sand  and  gravel  of  the  blinding  that  works  its 
way  into  the  joint ;  or  in  a  bituminous  cement,  or  by  being  grouted 
with  hydraulic  lime  in  a  semi-fluid  state  after  being  laid. 

Rubble  or  Botdder  PavtmefnJt  consists  of  stones  of  irr^ular  shapes 
set  in  a  bed  of  sand  or  gravel  It  causes  great  resistance  to 
vehicles,  is  liable  to  irregular  sinking,  and  requires  frequent  repair. 
The  chief  disadvantage  attending  the  use  of  well-made  stone 
pavement  in  towns  is  its  liability  to  be  disturbed  for  the  purpose  of 
laying  gas  and  water-pipes  and  small  sewers.  One  meiiiod  of 
obviating  this  is  to  pix>vide  '^  side^trenches  "  to  contain  those  under- 
ground works,  being  narrow  excavations  lined  at  the  sides  with 
brick  walls,  and  situated  imder  the  outer  edge  of  the  foot-pavement, 
by  the  flags  of  which  they  are  covered  The  wall  of  the  side- 
trench  next  the  roadway  is  strengthened  against  the  pressure  of  the 
earth  by  means  of  transverse  walls,  with  openings  in  them  for  the 
passage  of  sewers  and  pipes;  and  between  those  transverse  walla 
the  longitudinal  wall  is  slightly  arched  horizontally,  like  the  retain- 
ing wall  in  fig.  176,  p.  412.  The  other  longitudinal  wall  of  the 
side-trench  forms  the  back  of  a  row  of  cellars  under  the  foot- 
pavement.  The  side  walls  of  the  cellars  are  in  a  line  with  the 
transverse  walls  of  the  side-trench,  and  act  as  buttresses  to  give  it 
stability.  In  an  example  given  in  Mr.  Newlands's  Beport*  for 
1848,  the  side-trench  is  13  feet  deep  finom  surface  of  footway  to 
foundation,  2^  feet  wide  inside,  and  has  cross  walls  at  every  7  feet; 
the  brickwork  is  one  brick,  or  9  inches  thick.     It  contains  an  oval 

*  See  SqwrU  of  the  Borough  Engineer  of  Liverpool  (Ur.  James  Newlaode). 
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Beweivpipe  of  27  X  18  inchen,  a  10  inch  water-pipe,  and  a  10  isdi 
gaa-pipe.  Sewers  which  are  large  enough  to  be  Uaireised  by  men 
may  be  repaired  bj  getting  aooeas  to  them  through  sahteRsnean 
passages  leading  into  them  from  trap-doors  in  the  foot-payement 

Another  method  of  obviating  the  neoessily  for  raiszng  the  pATe- 
ment  of  the  carriageway  is  to  have  a  "  sulhway  '*  or  tannel  under 
the  street,  containing  the  sewer  and  the  gas  and  water-pipes. 
This  method  has  hitherto  been  tried  for  short  distances  only. 

422.  P*«twmys  m€  wtmmdm, — ^The  dimensions  and  figure  of  fbotvap 
have  been  treated  of  in  Article  418,  p.  625,  In  country  roads  the 
principles  of  their  construction  are  the  same  with  those  of  a  biokai 
stone  road,  except  that  smaller  and  less  hard  materials  tie  used, 
sach  as  gravel,  engine  ashes,  slag  broken  small,  fragments  of  burnt 
clay,  &c ;  and  that  from  2^  to  4  inches  is  a  sufficient  thicknefis. 
The  footway  should  have  a  declivity  of  about  2  inches  towards  tiie 
channel,  its  lowest  edge  being  not  more  than  9  inches  above  tbe 
bottom  of  the  channel,  and  its  side  towards  the  channel  being 
formed  either  by  a  slope  of  from  1  to  1  to  1^  to  1,  or  by  a  cufh- 
stone  set  on  edge,  from  4  to  6  inches  thick.  To  consolidate  foot- 
ways, a  cast  iron  roller  may  be  used,  weighing  from  ^  to  ^  a  ton. 

In  streets  the  footways  have  a  foundation  of  concrete,  brvken 
stone,  gravel,  or  sand,  and  are  covered  with  flagstones,  usaallyfrom 
1^  to  4  inches  thick,  being  thinnest  for  the  strongest  material 
The  best  materials  are  those  which  are  hardest,  toughest,  and  lea^ 
pervious  to  water,  such  as  hornblende  slate,  the  harder  kinds  of 
cUy  slate,  and  gneiss;  strong  sandstone  and  compact  limestone 
rank  after  these;  soft,  brittle,  and  porous  stones  are  unsuitable. 

423.  BinniiAMiB  w  AapiMltic  Pstcmcm*  consist  of  a  thin  laja* 
of  what  has  been  described  in  Article  234,  p.  376,  as  "  BittuninocB 
Concrete,*'  laid  on  a  foundation  of  broken  stone.  The  foimation  of 
the  roadway  has  a  convexity  of  1-lOOth  of  the  breadth. 

The  foundation  consists  of  road  metal,  as  described  in  Article 
420,  p.  626,  laid  in  a  layer  of  4  inches  deep  for  the  cairiagevJj. 
and  2  inches  deep  for  the  footway,  and  consolidated  with  a  rammer 
of  55  or  56  lbs.  weight,  or  with  a  cast  iron  roller. 

The  covering,  which  is  about  1^  inch  thick  for  a  carriageway,  w« 
I  inch  thick  for  a  footway,  consists  of  a  mixture  of  road  metal  or 
gravel  and  "  bituminous  mortar."  The  proportions  of  its  in^ 
dients  have  been  given  in  Article  234,  p.  376.  The  order  in  vliJ<^*^ 
they  are  to  be  combined  is  the  following: — ^Having  melted  ^ 
bitumen,  add  the  asphalt  broken  small,  then  the  resin  oil,  then  tfte 
sand,  and  lastly  the  broken  stone.  To  test  the  compositioD,  ^^ 
specimen  of  it  is  cooled  in  water  to  the  temperatore  of  about  80 ; 
a  piece  of  pUnk,  having  two  four-sided  pyramidal  points  of  iroJi,^ 
the  under  side^  is  laid  with  one  point  resting  on  a  formeriy*^^ 
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standard  sample^  and  the  other  on  the  new  sample;  a  man  stands 
on  the  middle  of  the  plank,  when  the  impressions  on  the  standard 
sample  and  new  sample  should  be  of  equal  depth.  That  depth 
should  be  about  S-lOths  of  an  inch  for  carriageways  and  2-lOths 
£br  footways,  the  latter  requiring  the  stronger  mateiiaL  Should  it 
proTO  too  hard,  bitumen  and  resin  oil  are  to  be  added;  should  it 
proTe  too  soft,  asphalt  and  sand.  The  covering  is  laid  on  the  road- 
^way  in  the  hot  state,  in  rectangular  sections;  its  surface  is  sprinkled 
^'vnik  sand,  and  the  surplus  sand  swept  off,  and  it  is  then  left 
1x>  cooL  No  artificial  asphalt  is  equal  to  natund  asphalt  for  making 
roads. 

To  make  bituminous  roadways  cold,  asphalt  is  to  be  broken  as 
for  road  metal,  spread  about  2  inches  deep,  wet  all  over  with  coal- 
tar,  and  rammed  with  a  56  lb.  beetle. 

To  repair  the  surface  of  a  bituminous  roadway,  dissolve  one  part 
of  bitumen  in  three  of  pitch  oil  or  resin  oil ;  spread  10  ounces  of 
the  mixed  oil  over  each  square  yard  of  roadway,  and  sprinkle  on  it 
2  lbs.  of  asphalt  in  powder;  then  sprinkle  the  surface  with  sand, 
and  sweep  away  the  loose  sand.  ^ 

Good  bituminous  pavements  under  constant  traffic  should  wear 
at  the  rate  of  about  l-40th  of  an  inch  a-year. 

424.  Plank  lUads  are  useful  in  newly  settled  countries  in  which 
timber  is  abundant 

The  formation  of  a  plank  road  is  made  by  digging  two  parallel 
ditches  about  16  feet  clear  apart,  and  throwing  the  earth  dug  out 
on  the  space  between,  so  as  to  raise  it  slightly.  One-half  of  the 
track  thus  formed — ^that  is  to  say,  a  breadth  of  8  feet — ^is  lefb  with  an 
earthen  surface,  sloping  towards  the  nearest  ditch  with  a  fall  of  6 
inches.  On  the  other  half,  the  planked  covering,  also  8  feet  broad, 
is  made  in  the  following  manner: — Imbedded  in  the  ground  are 
two  parallel  lines  of  longitudinal  wooden  sleepers,  4^  feet  apart 
from  centre  to  centre.  Each  sleeper  is  from  10  to  20  feet  long,  12 
inches  broad,  and  4  inches  deep,  or  thereabouts;  under  the  joints 
of  those  sleepera  are  laid  short  connecting  sleepers,  of  the  same 
scantling  and  3  feet  long.  The  earth  is  well  rammed  between  and 
beside  the  sleepers,  until  it  is  flush  with  their  upper  sides,  across 
which  are  laid  the  planks,  8  feet  long  and  3  inches  thick.  The 
edge  of  the  planking  next  the  earthen  division  of  the  roadway 
should  not  be  straight  and  smooth,  but  should  have  alternate  pro- 
jections and  recesses  of  about  3  feet  long  and  3  inches  deep,  to  give  a 
hold  for  carriage  wheels,  so  that  they  may  easily  be  drawn  on  to  the 
planking  £rom  the  soft  part  of  the  load.  The  planked  part  of  the 
roadway  is  broad  enough  for  one  carriage  only;  and  when  two 
carnages  meet  or  pass  each  other,  the  lighter  must  make  way 
for  the  heavier  by  moving  to  the  earthen  division  of  the  road 
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425.  WiiJia  r«ywi)Mi  consist  of  prismatic  blocks  of  wood,  tcc- 
tangulsr  or  hexagonal,  and  about  6  inches  deep,  set  with  the  fibres 
Tertical,  npon  a  firm  foundation  of  broken  stone.  It  was  at  one 
time  much  used  in  Britain,  especially  in  London,  bat  was 
abandoned  on  account  of  its  slippeiy  sur&ce  and  rapid  decaj, 

425  A.  CMt  it»M  PsTMMMits  msdo  of  plates  have  been  tried,  but 
have  proved  very  dangerous  to  horses.  A  pavement  consisting  of 
hexagonal  cast  iron  cells  filled  with  gravel  is  now  und^  triaL 


SacnoN  IIL — 0/ Tramways. 

426.  0IMW  Tnatwttfs- — The  best  kind  of  stone  tramway  consists 
of  a  pair  of  parallel  ranges  of  oblong  blocks  of  granite,  about  4^  feet 
apart  from  centre  to  centre,  with  their  upper  surfaces  forming  pari 
of  the  surface  of  a  road,  each  block  being  from  2  to  4  feet  long, 
about  10  or  12  inches  broad,  and  of  the  same  depth  with  the  rest  of 
the  covering  of  the  roadway.  The  upper  sur&ces  of  these  stone 
tram-rails  are  slightly  hollowed  towards  the  middle  of  their  breadth, 
to  the  depth  of  half  an  inch,  or  thereabouts,  in  order  that  carriage- 
wheels  may  tend  to  remain  on  them. 

427.  irMi  TmBiw«7m  as  formerly  made,  consisted  of  flat  bars  of 
iron  for  the  wheels  of  carriages  to  run  upon,  with  a  rising  ledge  or 
flange  at  one  side,  to  prevent  the  wheels  firom  leaving  the 
track.  The  iron  tramways  now  in  most  common  use  are 
those  which,  like  the  stone  tramways  of  the  last  article,  form 
part  of  the  surface  of  a  road  or  street.  The  tram-rails  used  for 
this  purpose  are  oblong  plates  of  cast  iron,  3  or  4  feet  long; 
they  are  usually  7  or  8  inches  broad,  and  about  1^  inch  thick; 
they  are  slightly  concave  towai-ds  the  middle  of  their  breadth,  like 
stone  tram-i*ails;  and  at  each  joint  the  ends  of  two  adjoining  plates 
rest  on  a  square  plate  of  cast  iron  of  the  same  thickness.  A  com- 
bination of  the  tram-rail  and  edge  rail,  lately  introduced,  will  be 
mentioned  further  on. 


Section  IV. — 0/  Railways. 

428.  The  Bcalamace  of  TeklclM  oa  «  X^erel  is  here  considered  ID 
so  hx  only  as  it  aflects  the  ruling  gradient  The  resistance  to  the 
motion  of  a  loaded  carriage  on  a  level  railway  is  nearly  proportiooal 
to  the  gross  load,  and  its  proportion  to  that  load  may  be  expressed 
either  as  a  fraction,  or  as  a  certain  number  of  lbs.  per  ton,  the  latter 
being  a  common  mode  of  expressing  it  for  practical  purposes. 

Let/ be  the  proportion  of  the  resistance  on  a  level  to  the  gross 
load,  expressed  as  a  £raction;  then 
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resistance  in  lbs.  per  ton  =  2^240/ (1.) 

It  is  true  that  the  part  of  the  resistanoe  which  is  due  to  the  dis- 
placement and  friction  of  the  air  must  depend,  not  on  the  load,  but 
on  the  dimensions  and  figures  of  the  vehicles;  but  our  experimental 
knowledge  of  the  laws  of  the  resistance  of  the  air  to  bodies  so  large 
as  railway  carriages  is  scarcely  sufficient  to  enable  us  to  calculate 
that  resistance  separately  with  such  precision  as  to  make  the  result 
of  the  computation  practically  useful.* 

The  oo-effident  of  resistance  on  a  level,  /,  consists  of  two  parts; 
one  representing  the  effect  of  friction,  which  is  independent  of  the 
speed ;  the  other  representing  the  effect  of  concussion  and  of  the  resist- 
ance of  the  air,  which  increases  with  the  speed.  The  law  according 
to  which  the  latter  part  of  the  co-efficient  of  resistance  increases  is 
still  imoertain,  owing  to  the  irregularities  of  the  results  of  ex- 
periment. According  to  one  formula  (founded  on  experiments  by 
Mr.  Qooch),  it  is  insensible  up  to  a  speed  of  about  10  miles  an  hour, 
and  then  increases  nearly  in  the  simple  ratio  of  the  excess  of  the 
speed  above  that  limit.  According  to  another  formula  (that  of  Mr. 
'D.  K.  Clark),  it  is  nearly  proportional  to  the  square  of  the  speed ; 
and  both  those  formulse  agree,  in  a  rough  way,  with  experiment. 

The  following  are  the  formulss  in  question,  in  each  of  which  V 
denotes  the  velocity  in  miles  an  hour : — 

Co-efficient  of  resistance, /=  -00268  (l  +  —^ — j;  (2.) 
Resistance  in  lbs.  per  ton,  2,240/=  6  (l  +  ^~^^) ;  (2  a.) 
Co-efficient  of  resi8tance,/=  -00268  (l  +  fTToJi— C^-) 


*  The  foDowiDg  are  two  alteraative  fonnnUs  by  the  late  Mr.  Wyndham  Harding 
and  Mr.  Scott  BuaseU,  in  which  separate  expressions  are  given  for  the  resistance  of  the 
air.  In  the  first  fonnnla  that  resistance  is  assumed  to  be  proportional  to  the  area  of 
firantage  of  the  train;  in  the  second,  to  its  volome. 

T  denotes  the  weight  of  the  train,  tn  tout, 
y,  its  velocity,  in  miles  an  hour. 

A,  its  area  of  frontage,  in  square  ftet 

B,  its  volume,  in  cubic  feet;  then 


resistance  in  lbs.  =  (  6 -t- P  T -h  ^;  or 

-Te-J-I^T-I-  ^° 
""  V    ■t"15/     "^  50,000' 
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Resistance  in  Ibfi.  per  ton,  2,240  /=  6  +  -^.    (3  a.) 

Carriages  have  been  made  and  used  in  which  the  co-efficient  of 
resistancd  was  as  small  as  *002,  or  about  4^  lb&  per  ton,  at 
velocities  not  exceeding  12  miles  an  hour,  the  resistance  being 
sensibly  constant  at  such  velocities.* 

The  foi-muke  2,  2  a,  3,  3  a,  are  applicable  to  good  railwaj  carriages 
with  springs,  in  trains  drawn  by  an  engine  at  an  uniform  speed  on  a 
well-made  line,  in  good  repair,  with  easy  curves,  and  in  moderately 
calm  weather;  the  experiments  on  which  they  are  founded  having 
been  made  under  those  circumstances,  and  the  resistance  determined 
by  means  of  a  dynamometer  between  the  engine  and  the  train. 

Another  mode  of  determining  the  'resistance  of  a  carriage  on  a 
railway  is  to  start  it  off  at  a  considerable  speed,  and  allow  it  to 
oome  gradually  to  rest  by  its  own  resistance ;  but  in  this  mode  of  ex- 
perimenting, although  the  friction  is  the  same  as  in  the  other  mode, 
the  resistance  arising  from  concussion  is  considerably  less,  because 
much  of  the  vibration  originates  with  the  engine.t 

The  absence  of  springs  augments  that  part  of  the  resistance 
which  increases  with  the  velocity;  but  wagons  without  springs  are 
used  only  at  very  low  speeds. 

The  following  are  some  examples  of  resistances  per  ton  at  dif- 
ferent speeds,  calculated  by  the  two  formulee  respectively : — 

Speed  in  mUetaa  hour,  y^      lo        15         20        30        40         50         60 

/by  equation  2, "OoidS  xx)335  xx>402  '00536  xx)670  '00S04  X3093S 

2,240/b7  equation  2  A,....       6         7}  9  12         15         18         21 

/by  equation  3 rxiiSj  x»3io  XX)342  XX3435  -00565  xx>733  ^0093^ 

2,240/by  equation  8  A,....     64       6-9         77        97       127      16*4       21 

Mr.  D.  K.  Clark  considers  that  his  experiments  indicate  that 
the  resistance  on  a  level,  given  by  equations  3,  3  a,  is  liable  to  be 

*  See  RanUne  On  CyUtMctd  WJutlt  on  Raihoagi;  abo  Wood  On  RaHroaA. 

t  To  aacertain  the  resistance  of  a  vehicle  by  experiments  on  its  gradual  retartatioo. 
stones  or  other  marks  are  to  be  dropped  from  the  carriage  at  equal  intervale  of  time 
(say  of  I  seconds  each),  and  the  distances  between  those  successive  marks  measored. 

Let  si,  ««,  «s,  04,  &a,  be  those  distances  in  feeL  Then  the  vekwitieB  at  the 
end  of 

<,  2  £,  8  (,  &&,  seconds,  are  nearly, 

g^==='^t  +  *»,r^=j^±^,^;3==''»  +  '^fte.,in^i»tpe^^eeond, 
I  2<     '   "  2r    •    "  2< 

Let  9»  and  v»  + 1  denote  the  velocities  at  the  end  of  n  I  and  (a  -4-  1)  I  nooods 
respectively.    Then  the  oo-effident  of  resistance  at  the  end  of  n  f  seconds  is  nesily, 

/=  {(».  — fr«+i)-^82-2|=pfaocaidtagasthegradientia|2J^j22^ 
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exceeded   in  the  following  proportions^  from  various  occasional 
c&uses : — 

From  a  road  ill  laid,  or  in  bad  repair, 40  per  cent 

From  resistance  on  curves, 20        „ 

From  strong  side  winds, 20        „ 

Total, 80        „ 

It  may  be  held,  however,  that  all  those  causes  of  increased  resist- 
ance are  seldom  combined  at  one  time  and  place ;  and  that  50  per 
cent,  is  a  liberal  allowance  for  contingerU  resiatancea. 

The  friction  of  good  ordinary  mineral  wagons,  at  low  speeds, 
may  be  estimated  as  ranging  from 

8  lbs.  per  ton,  or  '00353 
to  10  Iba  per  ton,  or  '00446 

and  as  being  on  an  average  about 

9  lbs.  per  ton,  or  '00402,  or  i-2Soth  nearly. 

429.  Proportimi  of  QroM  tm  Nei  ii«Mi« — In  the  following  state- 
ment the  ordinary  proportions  of  the  weight  of  goods  and  mineral 
wagons  to  the  loads  which  they  carry  are  given  on  the  authority  of 
Mr.  D.  K.  Clark;  and  from  those  proportions  are  deduced  the 
proportions  of  gross  to  net  load  in  goods  and  mineral  trains : — 

Wagon         6ro68  Load 
-f- Net  Load,    -r- Net  Load. 

Well  made  open  wagons, i  1 

Well  made  covered  wagons, |  i 

Clumsy  wagons, i  2 

In  computing  the  gross  load  to  be  drawn  behind  a  locomotive 
engine  which  has  a  tender,  the  weight  of  the  tender  (from  10  to  15 
tons)  is  to  be  added  to  that  of  the  wagons  and  their  load. 

Passengers  without  luggage  may  be  estimated  at  about  15  or  16 
to  the  ton,  and  with  luggage,  about  10  to  the  ton  (but  this  last  is 
an  uncertain  estimate).  In  a  passenger  train  the  gross  load  may 
be  roughly  estimated  at  about  three  times  the  net  load,  with 
carriages  suited  for  locomotive  railways  and  high  speeds,  weighing 
when  empty  5  or  6  tons  for  a  carriage  capable  of  carrying  20  or  30 
passengers.  In  light  carriages  on  horse-worked  railways  the  gross 
load  needs  not  exceed  double  the  net  load. 

430.  The  TneUre  Forc«  which  the  prime  movers  on  railways 
exert  will  here  be  considered  so  &x  as  it  is  connected  with  the 
question  of  gradients.     The  prime  movers  commonly  employed  on 
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nulways  are,  gntvity,  horses,  fixed  steam  engines,  and  locomotire 
steam  engines.  The  strength  of  men  and  the  force  of  the  viad 
have  ahio  been  employed,  but  in  isolated  experiments  only. 

L  GravUt/  either  assists  or  opposes  the  other  kinds  of  modTe 
power  on  all  inclined  parts  of  a  railway.  It  may  act  as  the 
sole  motive  power  on  a  descending  gradient  that  is  suffidentiy 
steep. 

The  only  case  in  which  gravity  acts  as  a  tractive  font  on  a  rail- 
way is  that  of  a  "  $d/-aeHng  inclined  plaTie,"  on  which  a  train  of 
loaded  wagons  descending  draws  up  a  train  of  empty  wagons. 
Let  i  be  the  sine  of  the  inclination  of  the  plane,  y  the  co-efficient  of 
resistance  of  the  wagons,  T  the  weight  of  a  train  of  empty  wagons, 
W  the  net  load  of  a  train.  Then  the  available  tractive  force  at  an 
uniform  speed  is 

(t-/)(T  +  W). 

The  rope,  according  to  present  practice,  is  of  iron  wire,  and  nsoallv 
endless,  and  lies  on  a  series  of  sheaves  or  pullies  7  yards  apart  Tbe 
weight  of  each  sheave  is  between  20  and  30  lbs. ;  the  weight  of  tbe 
rope  (allowing  6  as  the  factor  of  safety)  per  foot  of  its  length  should  be 
l-iSOOth  of  the  greatest  working  tension.  Let  K  be  the  weight  o( 
the  rope  and  pullies;  their  total  resistance  is  usually  estimated  at 
about  l-20th  of  their  weight,  and  the  resistance  of  the  train  of 
empty  wagons  is  (t  +/)  T.  In  order  that  the  tractive  force  may 
simply  balance  the  resistances,  we  must  have 

(.•-/)(T  +  W)  =  ^+(t+/)T; (1.) 

and  the  inclined  plane  will  not  work  unless  the  inclination  is 
steeper  than  that  given  by  solving  the  above  equation;  that  is  to 

i  must  be  greater  than  |^  +/(W  +  2  T)|  ^  W....(a) 

A8Sume/=  O04,  T  =  W  -f.  2;  then 

i  must  be  greater  than  j  ^^  ry  +  "008  \ (Si-) 

The  excess  of  steepness  above  this  limit  causes  an  excess  oi 
tractive  force  above  resistance,  which  produces  accelerated  motioQ- 
The  acceleration  may  be  allowed  to  go  on  so  long  as  the  velocity 
does  not  exceed  a  safe  limit;  so  soon  as  that  limit  has  been  attained, 
the  surplus  tractive  force  must  be  counteracted  by  the  use  of  the 
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brake,  so  that  the  tractive  force  and  increased  resistance  may 
exactly  balance  each  other,  and  the  velocity  become  uniform.* 

IL  Hor%es, — An  animal  produces  its  greatest  day's  work  when 
^w-orking  for  eight  hours  per  day,  and  widi  a  certain  definite  speed 
and  tractive  force. 

Let  Pj  denote  the  tractive  force  corresponding  to  the  greatest 
day's  work; 
P,  any  other  tractive  force; 

Yj,  the  speed  corresponding  to  the  greatest  day's  work; 
V,  any  other  speed ; 

T,  the  time,  in  hours  per  day,  daring  which  the  exertion  is 
kept  up. 

Then  the  following  formula  is  approximately  true,  for  efforts  and 
speeds  not  greatly  differing  from  P^  and  Y^,  and  for  times  not 
greatly  exceeding  eight  hours  per  day : — 

P       Y       T 

^+^+f=3 <3) 

For  a  good  average  draught  horse  the  following  data  are  neai'ly 
correct: — 

.    R=  120  lbs. 

Y^  =  3*6  feet  per  second,  or  about  2^  miles  an  hour. 

For  a  high-bred  horse  of  average  strength  and  activity  it  is 
difficult  to  assign  the  values  of  P^  and  Y^,  for  want  of  sufficient 
data.  The  following  values  agree  in  a  general  way  with  some  of 
the  results  of  experience  in  the  traction  of  stage  coaches  and  of 
light  railway  carriages : — 


*  It  is  seldom  necessary  to  enter  into  detailed  calculations  as  to  the  effect  of 
acceleration  on  a  self-acting  inclined  plane.  It  may  sometimes,  however,  be  desirable 
to  do  so,  where  the  declivity  is  so  slight  that  there  is  a  doubt  whether  the  velocity 
attained  will  be  sufficiently  great  to  enable  a  pair  of  trains  to  traverse  the  inclined 
plane  without  inconvenient  dday. 

To  find  the  time  occupied  in  traversing  the  plane  unimpeded,  let  M  denote  the 
total  weight  of  the  rope  and  sheaves,  and  of  both  trains,  t(>gether  with  ooe-half  of  the 
weight  of  the  puUiesi  Let  F  denote  the  erosM  of  the  tractive  force  above  the 
TCfflstanoe.     Let  L  be  the  length  of  the  plane;  then 

time  in  seconds  =  \/      -^  HMxiy. 

The  mean  velocity  may  of  course  be  found  by  dividing  L  l»y  thb  time  and 
the  greatest  velocity  acquired  is  double  of  the  mean  velodty. 


/^ 
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R  r=  64  Iba. 

Vj  =  7*2  feet  per  second,  or  about  5  miles  an  hour. 

The  following  are  examples : — 

T,  hours  per  day, 4441        i       i      i 

y,  miles  an  hour, 5      7^  10      5       7^  10    12^ 


P,  tractive  force,  =s  ^^ 

('-i-i). } """ 


120     88     56    24 


It  may  be  observed  that  the  preceding  data  and  calcnlatioDs 
have  reference  to  average  speeds,  and  that  the  horse  may  oocssioii- 
ally  be  required  to  exert  fiK>m  once  and  a-half  to  double  the  efforts 
above  stated,  provided  that  he  is  allowed  to  slacken  his  q»ed 
during  the  increased  effort,  and  that  the  additional  exerti(m  is 
kept  up  for  a  short  time  only. 

IIL  Fixed  Steam  Engines  are  employed  for  the  most  psit  on 
short  distances,  where  the  speed  is  moderate  and  the  incUnatioii 
steep.  Their  power  is  usually  applied  to  an  endless  rope  nmning 
on  dieaves,  like  that  of  a  self-acting  inclined  plane  (p.  6^6\  The 
steam  engine  is  placed  at  the  top  of  the  sacent,  and  dzives  a 
large  horizontal  cast  iron  pully,  from  5  to  10  feet  in  diAmeter, 
having  three  or  four  grooves  in  its  rim.  This  is  called  the  driving 
puUy.  At  a  short  distance  in  front  of  that  pully  (that  is,  in  tbe 
down-hill  direction)  is  a  pully  one  or  two  feet  smsdler  in  diameter, 
and  with  one  groove  fewer  in  its  rim.  This  is  called  the  ibrwmg 
pully:  it  rests  on  a  small  four-wheeled  truck,  and  is  pulled  avav 
from  the  driving  pully  by  a  chain  and  weight,  the  weight  being 
sufficient  to  give  the  requisite  tension  to  the  rope,  which  is  carried 
round  the  grooves  of  the  two  pullies.  At  the  foot  of  the  indined 
plane  the  rope  passes  round  a  third  horizontal  pully,  as  hxge  ts 
the  driving  pully. 

The  engine  works  to  the  best  advantage,  and  the  rope  is  least 
strained,  when  one  train  is  ascending  and  another  descending  at  tbe 
same  time. 

The  greatest  ta:ision  on  the  rope  is  found  as  follows : — 

Let  P  denote  the  greatest  tractive  force  required  to  overtxnne 
gravity,  and  the  friction  of  the  train,  rope,  and  sheaves,  calcu- 
lated as  in  p^  636.  About  one-4hird  of  this  will  be  the  tensioi^ 
required  at  the  descending  side  of  the  rope,  to  give  saffiaent 
*'lnte"  or  adhesion  between  it  and  the  driving  pully,  so  that 
the  greatest  working  tension  at  the  ascending  side  of  the  rope 
will  be  about 
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1-33  Pj* (4.) 

and  its  weight  per  foot,  if  it  is  made  of  strong  cliarooal  iron  wire, 
should  be  l-4500th  of  this.  The  pull  upon  the  axis  of  the  straining 
pullj  should  be  about 

2-74  P.* (5.) 

To  find  the  indicated  horse-power  of  the  engine,  let  v  be  the 
velocity  of  the  rope  in  feet  per  second  (=  velocity  in  miles  an  hour 
X  1466);  then 

1-25  Pt;      Pt; 
'•^•^•  =  -550-=440> <^-) 

the  multiplier  1*25  being  introduced  on  the  supposition  that  the 
friction  of  the  steam  engine  wastes  one-fifth  of  the  indicated 
power. 

Another  mode  of  transmitting  the  power  of  the  fixed  engine  to 
the  train  is  to  employ  the  engine,  by  means  of  pumps  or  of  a  fan,  to 
exhaust  the  air  from  a  tube,  along  which  a  piston  is  propelled 
towards  the  engine-station,  by  the  excess  of  the  atmospheric  pressure 
behind  it  above  the  diminished  pressure  in  front  of  it  For  details 
as  to  this  mode  of  propulsion,  see  Proceedings  of  the  Inst/UtiUion  of 
Civil  Engineers  for  1844.  It  was  practised  for  some  years  on  some 
short  lines  of  railway,  the  tube  being  about  15  inches  in  diameter, 
but  was  eventually  given  up  in  fistvour  of  locomotive  engines  Its 
use  has  of  late  been  revived  for  the  purpose  of  conveying  parcels 
through  tubes. 

rV".  Locomotive  Engines. — The  tractive  force  of  alocomotive  engine 
is  in  general  limited,  not  by  the  power  which  the  engine  is  capable 
of  exerting — for  that  is  almost  always  more  than  sufficient  to  draw 
any  load  that  it  ever  has  to  convey — but  by  the  "  adhesion,*'  as  it  is 
called,  or  force  wjiich  prevents  the  driving  wheels  from  slipping  on 
theraila 

The  adhesion  is  equal  to  the  weight  which  rests  on  the  driving 
wheels,  mtiltiplied  by  a  co-efficient  which  depends  on  the  condition 
of  the  surface  of  the  rails;  being  greatest  when  they  are  clean  and 
dry,  and  least  when  they  are  wet  and  greasy,  or  covered  with  ice. 

'These  calculAtions  are  made  oo  the  rapposition  that  the  oo-eflident  of  friction 
between  the  wire  rope  and  the  driving  pnlly  Is  *15,  that  there  are  three  grooves  in  the 
driving  pnOj,  and  that  the  tension  is  made  jnst  sofficient  to  prevent  slipping.  In 
practice,  liowever,  it  Is  not  uncommon  to  strain  the  rope  till  the  tension  at  the  descend- 
ing side  18  equal  to  the  tractive  force;  and  in  that  case 

greatest  tension  at  the  ascending  side  =  2  P ; 
piUl  on  the  axis  of  the  stiaining  pnlly  =  57  P. 
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On  an  ayerage,  the  adheaon  of  a  locomotive  engine  maj  he 
estimated  at  about  one-seventh  of  the  load  on  the  driYiog  vlueds; 
for  bj  sprinkling  sand  on  the  rails  when  they  are  slimj,  or  if  thej 
are  icy,  directing  jets  of  steam  on  them,  it  nuiy  in  general  be 
prevented  from  falling  below  that  amount 

In  order  that  the  rails  may  be  able  to  bear  the  load  on  the 
driving  wheels  without  damage,  it  is  considered  advisable  that  the 
load  an  each  tohed  should  not  in  ordinaiy  cases  exceed  5  tons  = 
11,200  lbs.  According  to  this  rule  the  limits  of  load  on  the 
driving  wheels,  and  of  tractive  force,  are 


Loadon  DriTlDg  WhaOa. . 

(1.)  ForoQgliici  with  one  pair  of  driving  wbeels, 101009=22,400      5,200 

(2.)  „  two  ptin  of  driving  wiMda,  oonpled,  20     „     44«Sqo      6,400 

(8.)  „  thntpain  of  driving  wheeLByConpled,  30     „     67,200      9,600 

(4.)  „  four  p«in  of  driving  whMla,  coupled,  40     „     89^600     i2,Soo 

Locomotive  engines  are  seldom  made  with  fewer  than  six  wheela 
Those  which  are  intended  for  the  propulsion  of  comparatively  h^t 
trains  at  high  speeds  have  but  one  pair  of  driving  wheels  of  firam 
5i  to  7  feet,  and  sometimes,  on  the  broad  gauge,  8  feet  in  diameter. 
The  best  position  for  the  shaft  of  that  pair  of  wheels  is  nearij 
under  the  centre  of  gravity  of  the  engine,  in  which  case,  by  proper 
adjustment  of  the  springs,  it  can  be  made  to  bear  any  proportion  of 
the  weight  from  ^  to  ^.  In  Mr.  Crampton's  form  of  engine^ 
however,  that  shaft  is  placed  altogether  behind  the  boiler  of  the 
engine,  in  order  to  obtain  a  large  diameter  of  wheel  along  with  a 
low  centre  of  gravity.  Engines  for  goods  trains  of  moderate 
weight  have  also  usually  six  wheels,  two  pairs  of  which  are  drivii^ 
wheels,  of  5  feet  diameter,  and  are  coupled  together.  For  heavier 
goods  and  mineral  trains  engines  are  used  having  all  six  wheeb 
coupled,  and  usually  of  smaller  diameter,  such  as  4^  or  4  feet^  and 
in  some  cases  of  engines  for  ascending  steep  inclined  planes,  3^  or 
3  feet  According  to  Mr.  D.  K.  Clark,  the  usual  weights  of 
locomotive  engines  are  as  follows : — 

Engines  with  separate  Tenders. 

(7%e  Teitder  weight  from  10  to  15  foM.)  Tooa 

Narrow  gauge  passenger  locomotives,  six- )  to  to 

wheeled,  with  one  pair  of  driving  wheels,  j  "        3 

Do.          da          do.       unusually  heavy,  24  to  27 
Broad  gauge  passenger  locomotive,  eight-} 

wheeled,  with  one  pair  of  driving  wheels  >  35 

8  feet  in  diameter, j 

Goods  locomotive,  from  four  to  six*  wheels )  ^  . 

coupled, /  ^?  *^  3« 
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Tank  Engines,  cabrtino  theib  own  Fuel 

AND  Water.  Tons. 

For  light  traffic  on  branch  lines, 12  to  20 

For  heavy  traffic  on  steep  inclined  planes, 40 

In  comparing  the  tractive  force  of  a  locomotive  engine,  as 
limited  by  adhesion,  with  the  resistance  and  gravity  of  the  train 
inrbich  it  is  to  draw,  it  is  obvious  that  the  resistance  due  to  friction 
and  concussion  of  the  engine  itself  is  to  be  left  out  of  account;  for 
that  resistance  does  not  constitute  a  backward  pull  on  the  engine, 
tending  to  make  the  driving  wheels  slip. 

It  appears,  then,  that  the  available  tra^ive  farce  of  a  locomotive 
engine  in  ascending  a  given  inclined  plane,  which  must  be  at  least 
equal  to  the  resistance  of  the  heaviest  train  that  it  has  to  draw,  is 
to  be  found  by  subtracting  from  the  adhesion  that  component  of 
the  weight  of  the  engine  which  acts  as  a  resistance  to  its  ascent; 
that  is  to  say, 

Let  E  denote  the  total  weight  of  the  engine ; 

q  E,  that  part  of  the  weight  which  rests  on  the  driving 

wheels; 
t,  the  sine  of  the  inclination  of  the  railway; 
P,  the  available  tractive  force ;  then 


(?-.)K 


.(7.) 


The  following  are  examples : — 


Passenger  engines,  one  pair  of  driving  ( from     '33  '048  —  \ 

wheels, 1*^*5  '^1^  — ^ 

Goods  engines,  two  pairs  of  wheels  (  from     '6j  -095  —  1 

coupled, I      to     75  '107 — 1 

Goods  engines,  all  wheels  coupled, i  '143  —  1 

The  weight  of  the  tender  has  in  some  instances  been  made  to 
produce  adhesion,  and  increase  the  available  tractive  force,  by  com- 
municating motion  from  the  hindmost  axle  of  the  engine  to  those 
of  the  tender  by  means  of  gearing-chains  and  pullies;  but  this 
method  is  suitable  to  low  speeds  only. 

431.  B■lta^(  GnuiieBia  of  Railways. — ^The  general  nature  of  a 
ruling  gradient,  and  of  the  principles  according  to  which  it  is 
determined,  have  been  explained  in  Article  415,  p.  622. 

Seif'Octing  inclined  planes  and  faoed  ernqine  inclined  pUmee  ai'e 
exceptional  cases,  which  are  not  comprehended  under  the  general 
principles  according  to  which  ruling  gradients  are  determined. 

Horee-pawer  is  applicable  to  lines  of  short  length  and  light  traffic 

2t 
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only.  The  tractive  force  which  a  horse  can  exert  under  vuiocs 
circumstances  has  been  stated  in  Article  430,  Division  IL,  p^  637. 
The  mean  resistance  of  the  goods  and  mineral  wagons  on  a  level 
maj  be  taken  at  l-250th  of  the  gross  load,  or  9  lbs.  per  ton;  and  if 
the  passenger  carriages  are  care^illy  constructed,  in  a  maimer 
specially  suited  to  the  traffic,  their  resistance  may  be  taken  at 
l-500th,  or  4A  lbs.  per  ton,  on  a  level  straight  line,  and  ■00268,  or 
l-373d,  or  6  lbs.  per  ton,  on  a  level  line  with  a  moderate  pro- 
portion of  curves  in  its  course.  It  appears  from  experience  that 
gradients  of  from  1  in  100  to  1  in  70  may  be  surmounted  without 
auxiliary  power,  provided  they  do  not  extend  to  a  distance  of  more 
than  two  miles,  or  thereabouts,  at  a  stretch,  and  that  the  horse  is 
not  urged  to  a  higher  speed  than  he  naturally  assumes;  bnt  fbr 
longer  ascents  it  is  advisable,  if  possible,  to  limit  the  steepnes  to  I 
in  200.  On  ascents  of  from  1  in  50  to  1  in  40,  or  steeper,  ather 
the  load  drawn  by  one  horse  on  other  parts  of  the  line  should  be 
divided  between  two,  or  an  auxiliary  horse  should  be  harnessed  to 
each  carriage  or  train,  and  the  speed  should  not  exceed  a  walking 
pace.  Steep  ascents  for  veiy  short  distanoes  may  sometimes  be 
surmounted  by  taking  a  ''race"  at  them. 

In  fixing  the  ruling  gradient  of  a  locomotive  railway,  it  is  not  to 
be  supposed  that  rules  deduced  from  the  general  prindples  alrady 
explained  are  to  be  held  as  absolutely  binding.  Their  proper  tik 
is  to  guide  the  engineer,  when  no  cause  exists  sufficient  in  his  judg- 
ment to  warrant  a  deviation  from  them. 

This  being  understood,  it  appears  that  there  are  four  things  to 
be  adapted  to  each  other, — ^the  greatest  load  of  a  train,  the  least 
speed  of  conveyance  in  ascending  declivities,  the  description  of 
engine,  and  the  ruling  gradient;  that  is,  the  steepest  gradient  up 
which  the  ordinary  traffic  is  conveyed  by  the  ordinary  engines  d 
the  line,  without  the  aid  of  auxiliary  engines  specially  adapted  to 
steep  inclined  planes.  The  adaptation  of  those  foiur  things  to  eadi 
other  is  indicated  by  the  following  equation,  in  which  Mr.  Claries 
formula.  Article  428,  equation  3,  p.  633,  is  adopted  for  the  resist 
ance  of  the  train : — 

Let  E  denote  the  weight  of  the  engine  (see  Article  430,  p  640). 
q  E,  the  part  of  that  weight  which  rests  on  the  driving 

wheels  (see  Article  430,  p.  641). 
T,  the  gross  weight  of  the  train  and  tender  (if  there  is  a 

tender).     As  to  the  proportion  of  gross  to  net  load,  *f 

Article  429,  p.  635;  as  to  the  weight  of  the  tender,  see 

Article  430,  p.  640. 
V,  the  least  speed  in  miles  per  hour  at  which  the  conditions  of 

the  traffic  will  admit  of  the  ruling  gradient  being  ascended. 
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i,  the  sine  of  the  mling  gradient  (whose  inclination  in 
ordinary  terms  will  be  described  as  1  in  -  j;  then 

(f-i)E={o0268(l+J^^)+i}T. (1.) 

From  this  equation  are  deduced  the  following  formulae:  given 
^,  i,  Y,  to  find  the  ratio  of  the  weight  of  the  engine  to  that  of  the 
train  and  tender;  also  the  reciprocal  of  that  ratio : — 

,,,,^^«('+i5o)^' ,,, 

TH.E  =  (f-i)+(w2ee(l+j^„)+(};  (3.) 
given  E,  ^,  Ty  t,  to  find  the  speed  of  ascent  Y; 

V  =  733y'{(|-»)|-00268-»}; (4.) 

given  E,  q,  T,  Y,  to  find  the  ruling  gradient  i; 

<  =  {?-^_ -00268  (l+ jjg)  t}  +(B  +  T).   (5.) 

According  to  Mr.  Clark's  allowance  of  50  per  cent  for  occasional 
or  contingent  resistances  referred  to  in  Article  428,  p.  635,  -00402 
maj  occasionally  have  to  be  substituted  for  "00268  in  the  preceding 
formuke. 

The  following  may  be  taken  as  examples  of  the  results  of  such 
computations,  the  formula  employed  being  equation  3 : — 

Example.  I. 

Speed  in  miles  an  hour, 24 

Tons. 

Weight  of  engine, 20 

Number  of  driving  or  coupled  wheels,        2 

Tona. 
Load  on  driving  or  coupled  wheels, ...  10 
Weight  of  tender, 10 

'i  in  50, 33 

I  in  80, 63 

I  in  100, 79 

I  in  133-3, 104 

I  in  200, 143 


Aicending 
gradient 


IL 

IIL 

18 

13 

Tooai 

Tom. 

30 

30 

4 

aU 

Tom. 

Tool. 

31 

30 

12 

15 

91 

146 

154 

338 

191 

293 

245 

373 

332 

SOS  J 

Hi 
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The  thing  to  be  principallj  considered  in  fixing  a  ralinggradieat 
is  the  traffic.  This  having  been  ascertained,  so  as  to  determine  tk 
probable  gross  load  of  the  several  descriptions  of  passeng^  and 
goods  trains,  and  the  speed  at  which  the  j  are  to  run  up  the  sfce^ 
parts  of  the  line,  the  ruling  gradient  is  to  be  fixed  so  that  engmes 
with  not  more  than  about  5  tons  of  load  on  each  wheel  may  be  %\k 
to  draw  the  trains. 

It  is  in  general  bad  economy  to  incur  heavy  works  in  order  to 
ease  the  riding  gradient,  merely  for  the  sake  of  enabling  light 
engines  to  convey  a  heavy  traffic ;  but  where  the  traffic  is  ligH 
and  moderate  gradients  can  be  obtained  without  heavy  works,  %ht 
engines  may  be  used  with  advantage. 

431  A.  The  AeciMi  •r  BmkM  may  have  to  be  considered  in  con- 
nection with  questions  respecting  gradienta 

The  immediate  effect  of  applying  brakes  is  to  stop  wholly  or 
partially  either  some  or  aU  of  the  wheels  of  the  tiuin,  so  that  they  slide 
instead  of  rolling  on  the  rails;  and  the  increased  resistance  thus 
produced  stops  the  movement  of  the  train  in  the  course  of  a^ 
proportional  directly  to  the  speed  and  inversely  to  the  resistance, 
and  of  a  di^nce  proportional  directly  to  the  square  of  the  speed 
and  inversely  to  the  resistance.  The  distance  in  the  com'se  of  vhidi 
the  train  is  stopped  is  of  more  importance  practically  than  the 
time,  and  is  found  as  follows : — 

Let  y  be  the  proportion  which  the  resistance  produced  by  the 
brakes  bears  to  the  weight  of  the  train; 
Vy  the  speed  in  feet  per  second;  then 

distance  in  feet  on  a  level  =  «*  -j-  64*4/'. (1) 

For  practical  purposes  it  is  more  convenient  to  state  the  velocitj 
in  miles  an  hour.     Let  Y  denote  that  velocity;  then 

distance  in  feet  on  a  level  =  V*  -i-  30/'  nearly.  ....(2) 
There  are  self-acting  brakes,  operated  upon  by  the  buffer^  hj 
mechanism  worked  by  steam,  or  otherwise,  which  act  on  all  the 
wheels  at  once.*    For  such  brakes  it  may  be  considered  that 

/'  =  •  14  nearly. (3.) 

It  is  not  considered  desirable  to  stop  a  train  mudi  more  saddmj 
than  these  brakes  do,  lest  an  injurious  shock  should  be  produced. 

For  ordinaiy  brakes,  worked  by  hand  in  carnages  called  *'lH«fr^ 
vans/'  the  value  of/'  may  be  estimated  as  ranging 

finom  about  031  to  -023; (^) 

*  8«  Ur.  FalriMim's  Bq>ort  to  HU  BriUth  AttodaAm  <m  JBhzfo,  1859. 
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SO  tha,t  they  stop  the  trains  in  distances  ranging  from  4^  to  6  times 
the  distances  required  by  brakes  that  act  on  all  the  wheels. 

The  following  are  some  of  the  results  of  those  data,  calculated  in 
round  numbers,  as  precision  of  calculation  is  useless  in  this  case : — 

Speed  in  miles  an  hour, lo       20      30      40      50      60 

I>istance  in  feet  required  for  ^ 
stopping  the  train  on  a  level,  f  r         ^       o       ^         o^: 

^thb4e8actii,gonaUthef       '*      ^     "<*     384     600    864 
-wheels, ) 

With  ordinary  brakes,...  j^'^"^     ^^«     ^3^     972172827003888 
^  '      I      to     144     576  1296  2304  3600  5184 

On  a  gradient  ascending  at  the  rate  of  1  in  1  ^  t,  the  resistance 
available  for  stopping  the  train  becomes/'  +  i,  and  it  is  stopped  in 
so  much  the  shorter  distance. 

On  a  gradient  descending  at  the  rate  of  1  in  1  ^  t,  the  resistance 
available  for  stopping  the  train  is  diminished  to  /'  —  t,  and  the 
distance  required  for  stopping  it  becomes, 

distance  on  a  level  X/'  -^  (/  —  t).  (5.) 

432.  Gfttdieato  with  Aaxiiiur  Powvr. — Where  an  inclined  plane 
occurs  steeper  than  the  *ruling  gradient,  auxiliary  power  may  be 
applied  either  by  attaching  an  additional  locomotive  to  each  train, 
or  by  having  special  locomotives  of  great  w^eight  and  power  to 
draw  the  trains  up,  or  by  using  a  fixed  engine  and  rope.  The 
economy  of  the  use  of  auxiliary  power  depends  mainly  on  the 
constancy  with  which  it  can  be  kept  at  work;  and  this  depends  on 
the  nature  of  the  traffic. 

The  locomotive  engines  used  for  this  purpose  are  usually  tank 
engines,  in  order  that  the  weight  producing  adhesion  may  be  as 
great  as  possible. 

433.  Power  Exerted  bf  liecemettre  Bnginee. — Besides  drawing 
the  train,  the  locomotive  engine  has  to  overcome  the  resistance  of 
its  own  wheels  and  axles,  and  of  its  own  mechanism.  If  the  power 
or  mechanical  energy  expended  in  overcoming  this  additional 
resiBtanoe,  while  the  engine  travels  over  a  given  distance,  be 
divided  by  that  distance,  there  is  obtained  the  additional  train- 
resistance  which  would  be  eqidvalent  to  the  resistance  of  the 
engine;  and  this  being  added  to  the  resistance  of  the  tender  and 
train,  gives  the  gross  resistance  of  the  engine,  tender,  and  train. 
Various  rules  have  been  proposed  and  tried  for  computing  the 
additional  resistance  of  the  engine. 

The  following  rule  is  founded  on  the  principle  that  the  resistance 
of  the  engine  consists  of  two  parts;  the  first,  being  the  resistance  of 
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the  engine  oi  a  carriage,  is  the  same  with  that  of  a  train  of  the 
same  weight ;  the  second,  being  the  resistance  caused  by  the  strain 
on  the  mechanism,  bears  a  certain  proportion  to  the  whole  re- 
sistance of  the  engine  and  train,  whether  arising  from  friction, 
concussion,  or  gravity ;  and  that  proportion  appears  to  be  about  one- 
third.  That  principle  is  expressed  by  the  following  formula  for 
the  gross  resistance  R,  of  an  engine  whose  weight  is  £,  drawing  a 
tender  and  train  whose  gross  weight  is  T,  at  the  speed  of  V  nules 
an  hour  up  an  incline  of  1  in  1  -&- 1 : — 

R  =  |(T  +  E){ -00268  (l+^,j)+*}; (1.) 

or  if  R  is  in  lbs.,  and  T  and  £  in  tons, 

R  =  (T  +  E)-  |8  +  j^  +  2,987t}.* (2.) 

Under  unfavourable  circumstances  '00402  may  occadonallj  have 
to  be  substituted  for  -00268,  and  12  +  j^a  ^or  ^  +  Toa- 

For  a  descending  gradient,  each  term  in  i  is  to  be  subtzacted 
instead  of  added. 

The  energy  exerted  by  the  engine  per  minute,  in  foot-pounds,  is 
the  product  of  the  effort  or  gross  resistance  in  pounds  and  speed  in 
feet  per  minute ;  that  is  to  say, 

88  VR; (3.) 

(one  mile  an  hour  being  88  feet  per  minute).     The  indiocUed  hone- 
paweria 

88y  RVR 

33,000  "  375 ^  ' 

Let  A  be  the  area  of  each  of  the  two  pistons  of  the  engine,  in 
square  inches;  p,  the  mean  effective  pressure,  in  Iba  on  the  square 
inch ;  c,  the  circumference  of  the  driving  wheels,  in  feet ;  I,  the 
length  of  stroke  of  the  pistons,  also  in  feet;  then 

*  The  above  fonnola  difien  from  that  of  Ifr.  D.  K.  Cl«rk  in  the  folbwii^ 
nspects: — One-thiid  is  added  to  the  whole  resistance  of  the  engine  and  tnia, 
considered  as  carriages,  whether  arising  from  friction,  concession,  orgravitj;  whereas, 
hi  Mr.  Clark's  fonnola,  one-third  is  added  to  the  friction,  two-fifUis  to  the  resistsBee 
from  ooncoasion,  and  nothing  to  the  resistance  from  gravity,  the  result  hang  ss 
follows:— When  £  and  T  are  tons  and  R  in  Ibsi 


B=  (s  +  j^  +2,240i)(T  +  E> 
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2;?A=^;  and 

The  mean  speed^f  the  pistons  is  176  lY  ^e; 

The  voluTM  81^  thrmgh  )  352  ^  y  A  22  /  V  A 

by  UfS  pist&rrper  mimUe.  >  — =-7-^ =  — -p-^ , 

^cuL/eeC.. .)      1**"  ^^ 

Example.                             I.  II. 

Speed  in  miles  an  hour, ^4     .  ^^      . 

.A^nding  gradient, i  in  133*3  ^  ^  '33'3 

TVeight  of  engine, 20  tons  30  tons 

"Weight  of  tender, 10     „  12     „ 

"Weight  of  train, 104     „  245     „ 

Circumference  of  driving  )               -    .  -  r   j. 

▼heel, .}        '°^««*  ^5^^* 

Stroke  of  pistons,  2     „  2     „ 

Area  of  each  piston, 200  sq.  in.  226  sq.  in. 

SSbrt  or  gross  resistance, ...      4,502  lbs.  9^241  lbs. 

Mean  effective  pressure  in )          ^.  ^ 

lbs.  on  the  square  inch,  j          5    3  »  7    7  « 
Mean   speed   of  pistons,  [ 

feet  per  minute, f          ^^^'^  ^"'^ 

Volume  swept  through  by  j 

pistons  in  cubic  feet  per  >         ii73'3  1325 '9 

minute, I 

Indicated  horse-power, 288  444 
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.(5.) 


III. 

12 
I  in  80 
30  tons 

15     » 
238     „ 

14  feet 

2ft.  2in. 
253  sq.  in. 
13,057  Iba 

834  „ 
328-85 

"555 
418 


The  mean  effective  pressure  of  steam  in  the  cylinder  is  regulated 
by  the  effort  required  to  overcome  the  resistance^  as  shown  by  the 
formulae  and  calculations  just  given.  The  pressure  of  the  steam  in 
the  boiler  exceeds  the  mean  effective  pressure  in  the  cylinder  in  a 
proportion  depending  on  the  extent  to  which  the  steam  is  worked 
expansively,  and  various  other  circumstances.  It  usually  ranges  in 
practice  from  80  lbs.  to  140  lbs.  per  square  inch  above  the  atmos-. 
pheric  pressure.  In  some  cases  engines  have  been  worked  at  a  pres- 
sure of  200  lbs.  per  square  inch.  The  most  common  pressures  at 
present  are  from  100  to  120  lbs. 

The  speed  at  which  the  engine  runs  when  exerting  a  given  effort 
is  regulated  by  the  quantity  of  steam  at  the  required  pressure  which 
the  boiler  is  capable  of  producing;  which  quantity  depends  on  the 
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quantity  of  fiiel  that  can  be  burned  in  the  furnace  in  a  gi^en  time, 
and  the  efficiencj  of  that  fuel  in  producing  steam. 

The  consumption  of  fuel  by  locomotive  engines,  per  indicated 
horse-power  per  hour,  may  be  estimated  as  ranging  fkt>m  3  to  5  lbs., 
and  the  evaporation  from  7  to  9  lbs.  per  lb.  of  fuel  The  whole  ar» 
of  heating  surface  in  ordinary  engines  varies  from  800  to  2,000 
nquare  feet;  and  the  area  of  heating  surface  for  each  lb.  of  fuel 
burned  per  hour  varies  from  about  half  a  square  foot  to  H  square 
foot,  and  is  on  an  average  about  one  square  foot 

The  action  of  the  blast-pipe  gives  to  the  locomotive  engine  ^ 
power  of  adapting  its  consumption  of  fuel  to  the  work  which  it 
has  to  perform,  within  certain  limits.  Hence  the  rapid  consumptLon 
of  fuel  by  heavy  and  powerful  engines,  in  ascending  steep  indined 
planes,  is  to  a  great  extent  compensated  by  the  saving  which  takes 
place  in  descending. 

The  details  of  the  construction  of  locomotive  engines,  and  of  the 
action  of  the  fuel  and  steam  in  them,  belong  to  the  subject  of  me- 
chanical engineering,  and  cannot  be  comprehended  in  the  present 
work.  For  information  respecting  these  matters,  see  Mr.  D.  K. 
Clark's  work  On  Railway  Machinerjy  and  that  of  the  author 
On  Prime  Movers, 

434.  Carres. — I.  Additional  Eesisianoe  on  Curves. — Curves  on  a 
line  of  railway  increase  the  resistance  to  an  extent  which  is  some- 
what uncertain.  From  experiments  made  by  Lieutenant  David 
Eankine  and  the  author  on  light  passenger  carriages  with  truly 
cylindrical  wheels,  having  a  resistance  of  -002;  or  4^  lbs.  per  ton,  on 
a  level  straight  line,  it  appeared  that  the  additional  resistance  was 


in  fractions  of  the  load,  3*3  -i-  radius  in  feet ; 

or,    "O00625  -f-  radius  in  miles;    V  (1.) 
or  in  lbs.  per  ton,  1-4  -5-  radius  in  miles.* 


So  long  as  the  practice  prevailed  of  tapering  the  tires  of  wheels 
to  a  considerable  extent,  the  resistances  on  curves  and  straight  lines 
appear  to  have  been  nearly  equal ;  the  tapered  or  conical  form  some- 
what diminishing  the  resistance  on  curves,  while  it  consideiablj 
inci^eased  that  on  straight  lines,  by  causing  the  carriage  to  move  in 
a  serpentine  course,  and  so  augmenting  &e  resistance  due  to  con- 
cussion. But  since  the  taper  of  the  wheels  has  been  in  some  cases 
done  away  with,  and  in  others  made  very  slight  (about  1  in  40),  the 
resistance  on  straight  lines  has  become  sensibly  less  than  on  curves. 

Some  experiments  on  American  railways  by  Mr.  Latrobe  give, 
for  the  resistance  due  to  curvatiu^  the  following  results  : — 

*  Bankine  On  CgUmdncal  Wheek^  1842. 
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infractions  of  the  load,  1-36  -r-  ladius  in  feet;    | 

or,    '000258   -r  radius  in  miles;  V  (2.) 
or  in  lbs.  per  ton,  0'578         -r-  radius  in  miles.  J 

The  smallness  of  these  results,  compared  with  those  given  in  the 
fbrmuke  (1),  may  perhaps  be  owing  to  the  use,  on  the  American 
railways,  of  "  bogey"  carriages,  which  will  be  mentioned  further  on. 

II.  Adofpiation  of  Veidcles  to  Curves. — Both  engines  and  carriages 
are  adapted  by  the  Americans  to  sharply  curved  lines  of  railway  by 
means  of  the  "  bogey" — a  small  foiur- wheeled  truck,  with  its  wheels 
as  close  together  as  possible,  capable  of  turning  about  a  pivot  into 
various  positions  relatively  to  the  carnage  or  engine  which  it  supports, 
and  having  a  platform  on  which  the  carriage  is  supported  by  rollers. 
A  long  passenger  carriage  is  supported  on  two  bogeys,  one  near 
each  end;  a  locomotive  engine  has  one  bogey  under  the  leading 
end,  the  after  end  being  supported  on  one  or  two  pairs  of  driving 
-wheels.  An  improvement  has  lately  been  introduced  in  the  con- 
struction of  bogey  engines,  which  consists  in  placing  the  pivot 
about  which  the  bogey  turns,  midway  between  the  centre  of  the 
bogey  and  the  middle  point  between  the  axles  of  the  driving  wheels. 
By  the  aid  of  these  contrivances  engines  and  carriages  are  enabled 
to  pass  round  curves  of  radii  as  small  as  3^  chains  (231  feet).  On 
British  railways,  curves  of  sharper  radii  than  10  chains  are  of  rare 
occurrence. 

III.  Carii  ofRaUs  of  a  Cvroe. — ^This  term  denotes  the  transverse 
slope  which  is  given  to  the  suiface  of  the  rails  of  a  curve,  in  order 
to  counteract  the  tendency  of  the  carriages  to  go  straight  forwai-d, 
and  so  to  leave  the  curve.  That  tendency  arises  from  three  causes, 
— ^from  the  centrifugal  force,  &om  the  parallelism  of  the  axles,  and 
from  the  slip  of  the  wheels. 

Let  V  be  the  velocity  of  a  train  in  feet  per  second,  moving  round 
a  curve  of  the  radius  r  in  feet,  then  its  centrifugal  force  bears  to  its 
weight  the  proportion  of 

3M7  •  ^^ ^^-^ 

and  this  is  the  ratio  which  the  camiy  or  elevation  of  the  outer  above 
the  inner  rail  of  the  curved  line  of  rails,  must  bear  to  the  gauge,  or 
transverse  distance  between  the  rails. 
If  V  be  the  speed  in  miles  an  hour, 

y2 
cant  for  centrifugal  force  =  gauge  X  .-^—  nearly.... (4.) 

The  clear  gauge  is — 

On  British  narrow  gauge  railways, 4  feet  8^  inches. 

On  British  broad  gauge  railways, 7  feet. 

On  Irish  railways, 5  feet  3  inches. 


650  OOMBOVXD  flrrBUCTUBS& 

One-ludf  of  the  cant  should  be  given  bj  nusing  tiie  outer  rail 
above  the  level  of  the  centre  line,  the  other  half  by  depcessing  the 
inner  rail  It  is  impossible  to  adjust  the  cant  alike  for  all  speeds; 
bat  it  is  best  to  adapt  it  nearly  to  the  highest  speed  of  ordinary 
occurrence  on  the  Una 

For  example,  suppose  that  speed  to  be  40  miles  an  hour ;  then 
the  values  of  the  cant  for  centnifugal  force,  in  inches,  are  as  follows 
for  different  gauges  : — 

GingOL  Cant  for  Ceotrilbgal  Force,  in  Inehes. 

4  feet  8^  inches.  6,ooo  -i-  radius  in  feet 

5  „    3       „  6,720  -i-  radius  in  feet. 

6  „    o        „  7,680  -T-  radius  in  feet 

7  „    o        „  8,960  -f-  radius  in  feet 

The  tendency  to  leave  the  line  which  arises  from  the  axles  being 
parallel,  instead  of  radiating  from  the  centre  of  the  curve,  cannot 
easily  be  distinguished  from  that  due  to  the  next  cause. 

The  tendency  to  leave  the  line  which  arises  from  the  slip  of  the 
wheels  is  produced  in  the  following  way : — ^The  outer  rail  of  any 
given  arc  of  the  curve  is  longer  than  the  inner  rail  in  the  ratio  of 

radius  +  gauge  :  radius ; 

and  while  the  inner  wheel  rolls  over  a  given  arc  of  the  inner  rail, 
the  outer  wheel,  if  it  be  of  the  same  diameter  with  the  inner  wheel, 
has  to  slip  over  a  distance  equal  to  the  difference  of  the  lengths  of 
the  rails.     Thus  is  produced  an  additional  resistance  to  the  advance 
of  the  outer  wheel  of  each  pair  of  wheels,  tending  to  make  the  front 
end  of  the  carriage  swerve  outwards.     The  taper  or  coning  of  the 
wheels  was  deWsed  to  prevent  this  tendency,  by  causing  the  outer 
wheel  to  run  on  a  portion  of  its  tire  of  larger  diameter  than  that 
on  which  the  inner  wheel  runs  at  the  same  time.     It  has  t^e  dis- 
advantage already  mentioned,  however,  of  increasing  the  oscillation 
or  sideward  swinging  of  trains  on  straight  lines.     The  tendency  to 
swerve  may  be  corrected  in  cylindrical  wheels  by  means  of  an  addi- 
tional cant,  which  throws  the  larger  proportion  of  the  weight  on 
the  inner  rail     The  additional  cant  required  for  that  purpose  was 
determined  experimentally  by  Lieutenant  David  Kanlane  and  the 
author  for  carriages  moving  on  a  narrow  gauge  line  at  speeds  of  from 
3  to  12  miles  an  hour,  and  found  to  be  independent  of  the  velodtv, 
and  inversely  projwrtional  to  the  radius  of  the  curve;  being  given 
by  the  following  formula  : — 

additional  cant  in  feet      =     600  -r-  iiidiusinfe6t;...(^.) 
„  „    in  inches  =  7,200  -r  radius  in  feet;  (5  jl) 
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but  such  additional  cant  is  probably  rendered  unneceasaiy  by  the 
use  of  bogeys. 

rV.  M0Uu>d  of  Easing  Changes  of  Cvrvature, — Every  change  of 
ctirvature  shonld  be  accompanied  by  a  change  in  the  cant  of  the 
rails;  and  as  changes  of  the  cant  of  the  rails  can  only  be  made  by 
degrees,  changes  of  curvature  should  be  gradual  also,  whether  they 
occur  at  the  junctions  of  curves  with  straight  lines,  or  of  curves  of 
reverse  curvature,  or  of  different  radii,  with  each  other. 

Two  methods  of  setting  out  curves  with  gradual  changes  of  cur- 
vature have  been  practised^-one,  invented  by  Mr.  Gravatt  about 
1828  or  1829,  consists  in  the  use  of  the  curve  of  sines  instead  of 
the  circle  for  railway  curves;  the  other,  invented  by  Mr.  William 
Froude  about  twenty  years  ago,  consists  in  adhering  to  the  use  of 
the  circle  throughout  the  greater  part  of  the  extent  of  each  curve, 
but  introducing  at  each  end  of  each  curve  a  small  portion  of  a  curve 
approximating  to  the  elastic  curve,  for  the  purpose  of  making  the 
change  of  curvature  by  degrees.  The  proper  place  for  referring  to 
these  methods  would  have  been  Article  63,  p.  101,  which  relates  to 
the  ranging  and  setting  out  of  curves;  but  although  they  have  been 
so  long  in  use,  no  accoimt  of  either  of  them  was  published  until  after 
that  part  of  this  book  was  in  type.  For  details  respecting  them, 
see  Transactions  of  t/ie  Institution  of  Engineers  in  Scotlcmd,  vol. 
iv.,  1860-61. 

The  curve  of  sines  is  that  which  gives  the  most  gradual  variation 
of  curvature ;  Ijut  its  use  involves  the  abandonment  of  circular  arcs, 
which  are  the  most  easily  and  rapidly  set  out  of  all  curved  lines. 
As  Mr.  Fronde's  "  curve  ofadpistment "  (as  it  may  be  called)  is  easily 
combined  with  circular  arcs,  the  most  convenient  mode  of  applying 
it  to  practice  will  now  be  described. 

Suppose  that  a  portion  of  a  line  of  railway,  consisting  of  a  curve, 
or  of  a  series  of  curves,  but  beginning  and  ending  with  straight 
lines,  is  to  be  set  out  in  such  a  manner  that  all  changes  of  curvature 
shall  be  gradual 

(1.)  Begin  by  ranging  the  centre  line  as  a  series  of  circular  arcs, 
according  to  Method  L  of  Article  63,  p.  102,  and  marking  it  with 
poles  or  temporary  stakes. 

(2.)  Determine  the  length  to  be  adopted  for  the  "  curves  of  adjust- 
ment" as  follows: — Ck)mpute  the  cant  required  for  each  of  the 
circular  arcs,  according  to  the  rules  of  Division  II.  of  this  article, 
and  the  several  changes  of  cant;  observing  that  the  change  of  cant 
between  a  straight  line  and  a  curve  is  simply  the  cant  of  the  curve ; 
that  if  two  adjacent  curves  are  curved  in  the  same  direction,  the 
change  is  the  difference  of  cant;  and  that  if  they  are  curved  in 
reverse  directions,  the  change  is  the  sum  of  the  two  cants. 

Multiply  the  greatest  diange  of  cant  by  the  reciprocal  of  the 
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ite^Md  gradteni  of  adjudment;  that  is,  the  greatest  difergnee  of 
indmation  which  can  coaveniently  be  given  to  the  outer  and  inner 
rail  in  changing  the  cant  The  result  will  be  the  length  of  each  of 
the  curves  of  adjustment. 

According  to  Mr.  Froude,  the  gradient  of  adjustment  should  not 
exceed  1  in  300.     Then, 

Length  of  curve  of  adjustment  =  300  X  greatest  change  of  cant  (6.) 

(3.)  Compute,  for  each  circular  arc  of  the  series,  the  ddft  as 
follows : — 

Shift  =  (length  of  curve  of  adjustm^it)*  -±.  24  radius.  (7.) 

Then  shift  the  poles  bj  which  a  given  circular  arc  is  marked 
inwards  (that  is,  towards  the  centre  of  curvature  of  the  arc) 
through  the  distance  computed  by  the  above  formula.  For  ex- 
ample, in  fig.  276,  let  A  B,  B  0,  be  a  pair  of  consecutive  circular 


Fig.  276. 

arcs,  marked  by  poles,  and  joining  each  other  at  their  point  of 
contact  R  Let  B  E,  B  F,  be  the  shifts  proper  to  those  two  arcs 
respectively,  as  computed  by  equation  5 ;  after  all  the  poles  have  been 
shifted,  they  will  mark  the  arcs  D  E,  F  G,  having  a  gap  between  them 
at  E  F,  equal  to  the  sum  of  the  two  shifts,  if  the  arcs  are  curved  in 
reverse  directions,  or  the  difference  of  the  shifts,  if  the  arcs  are 
curved  in  the  same  direction.  Straight  lines  are  not  to  be  shifted ; 
so  that  where  a  curve  joins  a  straight  line,  the  gap  is  simply  the 
shift  of  the  curve. 

(4.)  Set  out  the  "  curve  of  adjustmenl"'  I  H  K  as  follows: — ^For 
its  middle  point,  bisect  the  gap  E  F  in  H.  For  its  ends  I  and  K, 
lay  off  E  I  and  F  K,  each  equal  to  half  its  length,  as  computed  br 
equation  6.  For  intermediate  points  in  the  division  I  H,  lay  otf 
onlinates  at  right  angles  from  a  series  of  points  in  the  circular  arc 
I  £,  proportional  to  the  cubes  of  the  distances  from  I ;  and  for 
intermediate  points  in  the  .division  K  H,  lay  off  ordinates  at  right 
angles  from  a  series  of  points  in  the  dreular  arc  K  F,  proportumal 
to  the  cubes  of  the  distances  from  K. 

The  following  is  a  formula  for  calculating  those  ordinates: — 
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Liet  a  denote  the  length  I  K  of  the  curve  of  adjustment; 
h,  the  gap  E  F,  or  sum  of  the  shifts; 
as,  the  distance,  measured  on  the  circular  arc,  of  any  point 

&om  I  or  firom  K,  as  the  case  maj  be ; 
y,  the  ordinate;  then 

^^^  /fix 

Example. — A  curve  of  20  chains  radius  (=  1,320  feet),  with  cant 
suited  to  a  speed  of  40  miles  an  hour  on  a  narrow  gauge  line,  is  to  be 
connected  with  a  straight  line. 

Cant  (see  p.  650)  =  500  feet  -r-  1,320  =  -3788  foot; 

Length    of  curve   of  adjustment,  a  =  -3788  x  300  =  113-6 

feet  * 
Shift  for  circular  arc  =  (113-6)2  ^  24  x  1,320  =  -407  foot. 

(As  the  arc  is  to  join  a  straight  line,  this  is  also  the  width  of  the 
gap  6.) 

Formula  for  ordinates,  ^  =  — /tto:/^\3~  =  '000,001,11  a^. 

The  easing  or  "  humouring  "  of  changes  of  curvature  is  perfonned 
by  rail-layers  by  the  eye,  with  considerable  accuracy,  in  the  case  of 
reverse  curves,  where  a  "  bit  of  straight "  has  been  set  out  to  con- 
nect the  two  circular  arcs;  but  no  such  approximate  process  is 
possible  at  junctions  of  curves  with  straight  lines,  or  of  curves  of 
unequal  radii,  curved  in  the  same  direction. 

V.  Combinatum  of  Curves  a/nd  GradierUa, — As  curvature  of  the 
line  increases  the  resistance  of  trains  and  the  danger  of  jumping  off 
the  lioe  at  high  speeds,  it  is  advisable  to  avoid  very  sharp  curves  on 
steep  gradients,  and  on  parts  of  the  line  where  the  speed  is  to  be 
very  high. 

Where  sharp  curves  necessarily  occur  in  the  course  of  a  steep 
ascent,  it  is  advisable,  instead  of  adopting  an  uniform  gradient,  to 
make  it  slightly  steeper  on  the  straight  parts  of  the  line,  and 
slightly  flatter  on  the  curved  parts,  in  order  that  the  resistance  of 
an  ascending  train  may  be  as  nearly  as  possible  uniform.  In  the 
absence  of  more  precise  data,  formula  1  of  Division  I.  of  this 
Article,  p.  648,  may  be  used  to  compute  the  resistance  due  to 
curvature  for  engines  and  carriages  without  bogeys,  and  formula 
2,  p.  649,  for  those  with  bogeys. 

VL  AddUionai  Problems  in  SeUing  otU  Cturves. 

Problem  Fibst. — l^oJlrultheraditiso/acircula/rarcwhichshaU 
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wwsoe$nvdy  Umck  three  straight  lines,  B  D,  D  £,  E  C,  fig.  277, 
measure  the  middle  straight  line  D  £,  and  the  acute  angles  tt  D 
and  K     Then 

Radius  =  D  E  ^  (tan  |  D  +  tan^  e); (9.) 

which  having  been  computed,  the  curve  can  be  set  oat  b^  Method 
Lof  Article  63,  p.  102. 

Pbobuem  Sbookd. — To  sei  out  the  carve  of  shteSy  or  hamamc 
eurve,  proposed  bj  Mr.  Gravatt  This  curve  may  be  used  witli 
advantage  where  there  is  clear  groxmd  and  sufficient  time  to  noge 
it     Let  B  A,  C  A,  be  the  two  straight  tangents  to  be  ocmnected 


PSg.  277. 

by  means  of  the  curve,  cutting  each  other  in  A*  Lay  oat  the 
straight  line  A  D  E,  bisecting  the  angle  BAG,  and  choose  in  it  i 
point  D  for  the  cuitc  to  traverse.     Lay  off  the  distances. 

A  B  =  A  G  =  2-75193  A  D  sec  ^  B  A  C; (10.) 

then  B  and  C  will  be  the  ends  of  the  curve.  ConceiTe  the  chord 
B  E  C  to  represent  a  semicircle  stretched  out  straight,  and  divided 
into  180  degrees,  and  lay  off  ordinates  at  right  angles  to  it  p^opo^ 
tional  to  the  sines  of  arcs  marked  upon  it :  the  ends  of  tfaoea 
ordinates  will  be  points  in  the  curve.  The  middle  or  longest 
ordinate  is, 

DE  =  1-75193  AD; (IL) 

Let  X  denote  any  abscissa  B  X,  measured  from  one  of  the  ends 
of  the  curve;  y,  the  corresponding  ordinate  X  Y;  then 

E  •  sm  -g-g-i 0^) 

the  value  of  the  half-chord  B  E  being, 
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B  E  =  2-75193  A  D  -tan  ^  B  A  C (13.) 

The  sharpest  curvature  occurs  at  D,  where  the  i-adius  of  curvature 
is 

D  E  -tan^-^  BAG (14.) 

If  the  cant  of  the  rails  at  D  is  adapted  to  this  radius,  the  cant  at 
any  other  point  may  be  determined  with  sufficient  accuracy  for 
practice  by  making  it  vary  simply  as  the  ordinate  y.  The  form  of 
the  curve  is  nearly,  though  not  exactly,  that  of  an  elastic  bow 
of  uniform  section,  bent  by  means  of  a  string  connecting  its  ends. 

Problem  Third. — To  connect  a  circular  cuiv  mid  a  straight  line,  or 
two  cvrcula/r  arcs,  which  do  not  touch  or  cut  eadi  other,  hy  means  of  an 
elastic  cwrve  (Mr.  Froude's  curve  of  adjustment).  Fig.  276,  p.  652, 
may  be  taken  to  illustrate  the  case  where  two  arcs  curved  in  reverse 
directions  are  to  be  connected;  fig.  279,  to  illustrate  that  in  which 
two  arcs  curved  in  the  same  direction  are  to  be  connected. 

Find  the  pair  of  points  at  which  the  arcs  or  lines  to  be  connected 
are  nearest  to  each  other.  This  is  best  done  by  first  finding  two 
pairs  of  points  at  which  the  lines  to  __ 

be  connected  are  at  equal  distances 
apart;  the  pair  of  points  required 
will  be  midway  between  those  two 
pairs  of  points.  Let  E  and  F  be  the 
pair  of  points  thus  found ;  measure 
the  gap  E  F,  then  calculate  the  half-  *^'  ^ 

length  qf  the  curve  of  adjustment  by  means  of  the  following  for- 
mula, in  which  r  and  /  denote  the  radii  of  the  arcs  to  be  connected : — 

EI  =  FK  =  Y^{6EP^  (1=1=1)}; (15.) 

the  sign  +  or  —  being  used  in  the  denominator,  according  as  the 
directions  of  curvature  are  reverse  or  similar.  If  one  of  the  lines 
to  be  connected  is  straight,  1  -r-  /  is  to  be  made  =  0 ;  so  that  the  for- 
mula becomes 

E  I  =  P  K  =  j6E¥'r. (16.) 

(The  ends  of  the  curve  of  adjustment  may  also  be  determined 
approximately,  by  finding  the  two  pairs  of  points  at  which  the  dis- 
tance between  the  lines  to  be  connected  is  4  E  F.) 

The  curve  of  adjustment  is  now  to  be  set  out  by  ordinates,  as  in 
Division  IV.  of  this  Article,  p.  652, 

VIL  Enlargement  of  Gauge  on  Cvroes. — In  order  to  enable 
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trains  to  pass  more  easily  round  curves,  it  is  the  practice  of  some 
engineers  to  make  the  gauge  about  half  an  inch  wider  on  them  tiiaa 
on  straight  lines;  so  that  supposing,  for  example,  that  the  wheels 
have  half  an  inch  of  "play"  or  "durance,"  on  straight  lines,  thej 
will  have  an  inch  on  curves. 

VHL  Legal  LimitaHoiu  to  the  Sharpness  of  Curves. — Aooording 
to  the  Railway  Clauses  Consolidation  Act  of  1845,  the  power  of 
diminishing  the  radii  of  curves  below  the  length  marked  on  the 
parliamentary  plan  of  a  railway  is  thus  limited : — ^if  the  radios 
of  any  curve,  as  shown  on  the  parliamentaiy  plan,  exceeds  half  a 
mile  (2,640  feet),  it  may  be  shortened  to  any  extent  which  does  not 
reduce  it  below  half  a  mile ;  but  no  radius  of  such  a  curve  is  to  he 
shortened  to  less  than  half  a  mile,  nor  is  any  radius  shown  as  1&& 
than  half  a  mile  to  be  shortened  to  any  extent.  These  restrictians 
may  be  dispensed  with  by  the  Board  of  Trade  upon  sufficient  cause 
being  shown. 

435.  lATiaff  Mit  aB4  VmnmrnOmm  mf  BailwaT*  te  OeaeraL — Sub- 
ject to  the  principles  respecting  gradients  and  curves  which  have 
been  explained  in  the  preceding  articles  of  this  section,  the  general 
principles  of  the  selection  of  the  course  and  the  formation  of  a  line 
of  railway  are  those  which  have  already  been  stated  in  Articles  413, 
414,  pp.  619  to  622,  and  the  other  parts  of  this  work  referred  to  in 
those  articles. 

The  following  principles  are  specially  applicable  to  rail- 
ways :— 

L  The  Breadth  o/FamuUion  or  Base  depends  upon  the  gauge,  or 
clear  distance  between  the  rails  of  a  track,  the  number  of  tracks, 
the  clear  space  between  them,  the  clear  space  left  outside  of  them 
for  projections  of  carriages  and  for  men  on  foot,  and  the  additional 
space  requii-ed  for  the  slopes  of  the  " ballast^*  the  side  drains,  dr& 
The  following  are  examples : — 

Single  Link  oSffT       (Hnga       Q«iwe. 

Ft    In.  Ft    In.  Ft   la. 

Gl«ar  tpaoeoatsideofriiil, 40  40  40 

Hetdofrail, 02^  02^  0    2} 

Gauge, 4    84  53  70, 

Headofndl, 0    2^  o    24  o   24 

Clear  space  ootside  of  nil, 40  40  40 

Leait  breadth  of  top  of  ballast;  and  least) 

width  admissible  for  archways,  &&,  tra->  13     1 4       I3    ^         '5    S 

Tersed  bj  the  railway, ) 

Spaces  for  elopes  of  ballast,  and  benches  rfh>m  3  io4\                       ^   2 

bej-xnid  them,  on  embankments, \     to  8  104  j       ^    ^           ^ 

Total  breadth  of  top  of  embankments,    /^      I2    0}      '^    °         ^   ' 
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Double  LonS.  Narrow  Irlah  Broad 

Ft    In.  Ft    In.  Ft    In. 

Clear  space  outside  of  nil, 40  40  40 

Head  of  rail, 024  o    24  o    ai 

G*ng«» 4    84  5    3  70 

Head  of  rail, o    24  o    24  024 

Bfiddle  space  (called  the ''nr^est,") 60  60  60 

Head  of  rail, o    24  o    24  o    24 

Gauge, 4    84  53  70 

Headofrail, o    24  o    24  o    24 

Clear  space  outside  of  rail, 40  40  40 

Least  breadth  of  top  of  ballast;  and  leastl 

width  admissible  for  archway's,  &&,  tra-  >  24    3  25    4  28  10 

versed  by  the  railway, ) 

Spaces  for  slopes  ofballast  and  trenches  rftom        3    91  & 

beyond  them,  on  embankments, \    to        o    9J  ^  ^    ^ 

Total  breadth  of  top  of  embankments,  -f^JJ  ^^    ^\  30    o  38    o 


Cuttings  are  sometimes  made  of  a  width  at  the  formation  level 
equal  to  that  of  the  embankments  on  the  same  line ;  in  other  cases 
they  have  an  additional  width  given  to  them,  amounting  sometimes  to 
as  much  as  9  feet,  in  order  that  there  m&j  be  the  more  space  for  the 
side  drains.  On  the  whole,  the  most  common  breadths  of  base  for 
both  embankments  and  cuttings,  on  narrow  gauge  lines,  are 

for  single  lines,     18  feet, 
for  double  lines,    30  feet 

Arches  over  the  railway  are  seldom  made  of  the  minimum 
spans  shown  by  the  foregoing  tables,  except  in  the  case  of  tunnels. 
Bridges  over  narrow  gauge  lines  are  usually  of  the  following  spans  : 

over  a  single  line,  from  16  to  18  feet; 
over  a  double  line,  from  28  to  30  feet; 

and  the  same  breadths  are  applicable  to  cuttings  with  retaining 
walls,  and  rock  cuttings  with  vertical  or  nearly  vertical  sides. 

II.  The  Formation  Level  is  frt)m  1^  to  2  feet^  or  thereabouts, 
below  the  intended  level  of  the  rails,  according  to  the  depth  of  the 
permanent  way  (see  Article  66,  p.  112),  and  is  marked  by  a  line  of 
some  distinctive  colour  on  the  working  section. 

III.  Side  Slope, — ^The  formation  or  base  is  sometimes  made  to 
fall  from  the  centre  towards  the  sides  at  the  rate  of  about  1  in  60, 
to  &cilitate  drainage. 

lY.  Cross  Drains, — ^Where  the  nature  of  the  soil  makes  cross 
drains  necessary^  they  may  be  made  by  digging  small  trenches  across 

2u 
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the  base  from  7  to  9  inches  deep,  and  from  3  to  5  yards  apart,  and 
filling  them  with  broken  stone. 

V.  Positions  of  Staiione  reUuivdy  to  Gradienig. — ^Althoogh  it 
may  sometimes  be  absolutely  neoessaiy  to  have  stations  in  the 
course  of  steep  gradients,  the  engineer  should,  as  far  as  possible. 
avoid  that  necessity,  because  of  the  difficulty  and  inoonvenienoe  of 
stopping  descending  trains,  starting  asoendiiig  trains,  and  duitrng 
carnages  at  stations  so  placed.  There  is  an  advantage  in  having  & 
station  at  a  summit  level,  because  the  gradients  fiicilitate  the  start- 
ing and  stopping  of  trains  in  both  directiona 

VI.  Leffol  Limits  to  Powers  of  Demotion. — ^In  Britain,  the 
ordinary  limits  of  deviation  as  to  the  situation  of  a  railway 
are  100  yards  in  the  country  and  10  yards  in  towns  to  either 
side  of  the  centre  line,  as  marked  on  the  parliamentary  pbs, 
and  such  limits  are  marked  on  the  plan.  Wider  limfts,  in 
special  cases,  are  granted  by  special  enactment  upon  sufficient 
cause  being  ehown ;  and  the  lunits  may  be  restricted,  at  the  discre- 
tion of  the  promoters,  to  any  extent  consistent  with  the  executicm  of 
the  work.  The  ordinary  Umits  of  deviation  of  the  level  of  a  rail- 
way are  5  feet  in  the  country  and  2  feet  in  towns  above  and  below 
the  level  of  the  upper  sur&ce  of  the  ndls,  as  shown  on  the  pariia- 
mentaiy  section.  Further  deviations  of  level  require  the  sanction 
of  owners  of  property  affected  by  them,  except  in  ihe  case  of 
embankments  and  viaducts,  which  may  be  lowered  to  any  extent 
consistent  with  leaving  sufficient  headroom  for  roads. 

Gradients  less  steep  than  1  in  100  may  be  made  steeper  to  an 
extent  not  exceeding  10  feet  per  mile;  gradients  of  1  in  100,  or 
steeper,  may  be  made  steeper  to  an  extent  not  exceeding  3  feet  per 
mile;  gradients  may  be  made  flatter  to  any  extent 

As  to  curves,  see  Article. 434,  p.  656,  On  all  these  points,  see 
the  Railioay^  Clauses  CoTisolidation  Act,  1845. 

436.  Craiiwgi  aad  AllcnuiMu  mt  •Ihcr  I<iBea  mf  (TMnrcyuccw— 
I.  General  Explcmatums, — ^When  the  course  of  a  railway  crosses 
that  of  a  previously  existing  line  of  land-carriage,  the  railway  mar 
either  be  carried  over  or  under  the  existing  line  by  means  of  a 
bridge,  or  across  it  on  the  level  of  its  surface.  When  the  line  of 
conveyance  to  be  crossed  is  a  canal  or  a  river,  the  railway  must  be 
carried  either  over  or  under  it.  In  order  to  facilitate  such  cross- 
ings, it  may  be  necessary  to  alter  the  level  or  divert  the  course  of 
existing  lines  of  conveyance;  and  in  some  cases  a  diversion  of  the 
course  of  an  existing  line  of  conveyance  may  be  required  in- 
dependently of  any  crossing;  and  for  all  those  purposes,  cutting 
and  embankments  are  required.  The  parts  of  a  road  whose  levels 
are  altered  for  the  purpose  of  carrying  the  railway  across  it,  are 
called  the  approaches  of  the  crossing. 
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The  information  which  mnfit  be  given  on  the  section  of  a  proposed 
railway  i-especting  such  alterations  of  existing  lines  of  oommuni- 
cation  has  already  been  referred  to  in  Article  14^  pp.  14,  15.  Fro- 
posed  diversions  of  such  lines  should  be  shown  on  the  plan,  and 
proposed  alterations  of  width  noted.  But,  as  formerly  stated,  with 
regard  to  all  matters  connected  with  the  preparation  of  parlia- 
mentary plans,  reference  should  be  made  to  the  standing  orders  of 
parliament  themselves,  scad  not  to  any  second-hand  account  of  their 
provisionsL 

As  to  working  sections  of  alterations  of  existing  lines  of  com- 
munication, see  Article  66,  p.  113. 

IL  Legcd  Limdiatiana  affecting  Crossings  ofexMng  Lines  of  Con- 
veyaaice, — In  order  fully  to  understand  those  limitations,  as  they 
are  regulated  by  law,  in  Britain,  the  statutes  called  '^Bailwa^^' 
Clauses  Consolidation  Acts*'  must  be  consulted.  The  following  is 
an  outline  of  the  more  important  of  the  limitations : — 

A.  Levd  Crossings  of  public  carriage  roads  are  not  lawful  unless 
individually  authorized  by  the  special  act  relating  to  the  particular 
railway;  and  in  order  that  they  may  be  so  authorized,  the  engineer 
must  be  prepared  to  show  cause  for  using  them  instead  of  bridges, 
and  to  prove  that  they  are  consistent  with  the  public  safety.  All 
level  crossings  must  be  provided  with  gates,  which,  in  ordinary,  are 
to  be  kept  shut  across  the  road.  In  the  case  of  level  crossings  of 
public  roads,  those  gates  are  to  be  capable  of  being  closed  across  the 
railway  when  the  passage  along  the  road  is  open ;  and  there  must 
be  a  lodge  or  box  for  a  gatekeeper,  and  a  proper  system  of  signals. 

R  Over  Bridges  (as  bridges  for  carrying  roads  over  the  railway 
are  called)  are  to  have  a  clear  width  of  roadway  between  the 
parapets, 

for  a  turnpike  road, of  35  feet, 

for  any  oliier  public  carriage  road,  of  25  feet, 

provided  the  average  width  of  the  road  between  its  fences  through- 
out a  distance  of  50  yards  on  each  side  of  the  centre  line  of  the 
railway  is  not  less  than  35  feet  or  25  feet,  as  the  case  may  be. 
Should  the  average  width  of  the  road  be  less  than  the  limit  above- 
mentioned,  the  roadway  of  the  bridge  may  be  made  of  a  width 
equal  to  such  existing  average  width,  provided  that  in  no  case  shall 
the  roadway  be  made  of  a  less  clear  width  than, 

for  a  turnpike  road, 30  feet, 

for  any  otJier  public  carriage  road, ...     20    „ 

and  that,  if  at  any  future  period  the  road  should  be  widened,  the 
railway  company  diall  be  obliged  to  widen  the  bridge  to  35  feet  or 
25  feet  as  the  case  may  be. 
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For  privaie  roads  the  prescribed  least  width  is  12  feet;  bat  tU> 
may  be  altered  by  special  agreement  between  the  proprietor  of  tbe 
road  and  the  promoters  of  the  railway. 

The  parajyets  of  all  over  bridges  are  to  be  at  least  4  feet  hi^,  aii»l 
the  fences  of  their  approaches  at  least  3  feet  high. 

C.  L  ^nder  Bridges  (as  bridges  for  carrying  roads  under  the  railway 
are  called)  are  subject  to  the  same  conditions  as  to  width  of  waJ- 
way  with  over  bridges ;  and  those  conditions  fix  the  least  sjian  of 
the  arch.     Its  height  is  subject  to  the  following  conditions : — 

For  a  turnpike  road  the  clear  headroom  is  to  be  at  least, 
at  the  springing  of  the  arch,  12  feet ; 
throughout  a  breadth  of  12  feet  in  the  middle 
of  the  archway,  16  feet 

For  any  other  pMic  carriage  road  the  clear  headroom  is  t</ 
be  at  least, 
at  the  springing  of  the  aroh,  12  feet; 
throughout  a  breadth  of  10  feet  in  the  middle 
of  the  archway,  15  feet 

For  a  private  road  the  clear  headroom  is  to  be  at  least, 
throughout  a  breadth  of  9  feet  in  the  middle 
of  the  aroh  way,  14  feet 

D.  The  inclination  of  an  altered  road  is  not  to  be  made  stee|)er. 

for  a  turnpike  road,  than  1  in  30; 

forany  other  public  Khan  1  in  20 : 

carnage  road,...  J  ' 

for  a  private  road,  than  1  in  16; 

provided  that  the  undertakers  of  the  railway  shall  not  be  obliged  to 
make  the  inclination  of  the  altered  road  easier  than  its  original 
"  mesne  "  inclination,  or  than  the  original  "  mesne  "  inclination  of 
the  road  within  a  distance  of  250  yards  from  the  point  where  i^ 
crosses  the  centre  line  of  the  railway. 

(No  rule  is  prescribed  for  computing  the  "  mesne  "  inclination  w 
the  road;  but  the  following  appears  to  be  as  little  open  to  objection 
as  any  that  can  be  devised  Add  together  all  the  rises  and  all  the 
falls  of  the  portion  of  the  road  in  question,  and  divide  their  sum  hj 
its  lengtL) 

E.  The  rules  of  the  general  act  may  be  modified  or  set  aside  m 
particular  cases  by  special  enactment,  upon  sufficient  cause  bei^f^ 
shown;  and  in  the  case  of  crossings  of  private  roads,  conditioni^ 
may  be  settled  by  agi'eement  between  their  proprietors  and  ^^ 
promoters  of  the  railway. 
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F.  A  sufficient  tempora/ry  road  must  be  provided  until  the  perma- 
nent road  is  complete.  In  many  cases  it  is  most  convenient  to 
divert  the  road,  and  use  the  original  roadway  as  a  temporary 
road. 

G.  Works  in  tidal  waters  must  be  sanctioned  by  the  admi- 
ralty. 

III.  The  Least  Dimensions  of  Under  Bridges  are  virtually  fixed  by 
the  rules  above-mentioned.  The  following  are  examples,  in  which 
the  arches  are  treated  as  segmental,  that  being  the  best  form  in 
the  present  case.  The  rise  is  given  as  computed  by  Mr.  Cotton  in 
his  work  On  Railway  Engineering  in  IrdancL 

The  power  to  make  roadways  of  less  than  the  prescribed  widths 
of  35  and  25  feet  in  certain  cases  is  of  no  avail  as  regards  under 
bridges,  or  the  abutments  of  over  bridges,  because  of  the  liability  to 
enlarge  the  bridges  at  a  future  time. 

Bridge  nnder  Railwayed  oyer f^ffi*'     Carff^Road. 

Feet  Feet 

Span, SS'OO  25-00 

Riae. 4-50             353 

Clear  headroom  in  centre, i6'5o  15*53 

Badiufl  of  intradosy 36*28  23*90 

Thickneaa  of  arch-ring, 2-50             2*00 

Depth  of  ooatiDg  of  paddle, 0*50             0*47 

Depth  of  permanent  way,  say 2XX>              2*00 

Total  height,  roadway  to  rails, 21*5  20XX) 

To  allow  for  additional  depth  in  skew  bridges,  the\  2*^*00  21*00 

above  heights  may  be  increased  to /  .                       . 

For  mm  under  bridgu^  the  aboye  heights  may  be)  20*00  18*00 

diminished  to f  =^  ~ 


As  to  the  least  dimensions  of  over  bridges,  see  Article  290, 
p.  426,  for  an  example  of  the  dimensions  of  the  arch. 

The  clear  headroom  in  tb«  centre  is  nsoally, i6xx)  fiset. 

To  this  add,  for  the  thickness  of  a  stone  arch, 2X)0 

„  ,)  ,«  paddle  coating, 0*50 

tf  »»  M  roadway, 1*00 

Total, 19*50 

For  an  iron  over  bridge  with  flat  girders  the  dear  head-\  ia*co 

room  may  be  rednced  to  aboat /  ^  ^ 

Girders  and  roadway,  say 2*50 

Total, I7tx> 
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The  pktfonn  of  an  over  bridge  with  iron  girders  maj  ocaasst 
either  oi  a  series  of  transverse  brick  arches  spanning  aeross  between 
the  girders,  which  should  be  about  5  feet  apart,  and  be  held  together 
by  transverse  ties  sufficient  to  resist  the  thrust  of  the  ardies,  or  of 
cast  iron  plates  with  stiffening  ribs  above,  covered  with  a  layer  of 
afokhaltic  concrete,  or  of  buckled  wrought  iron  plates,  covered  with 
a  layer  of  asphaltic  concrete.     (See  Article  375,  p.  545.) 

In  crossing  roadways  in  and  near  populous  towns,  where  the 
ordinary  dimensions  of  bridge  woidd  be  too  small,  the  width  of  the 
roadway,  and,  in  the  case  of  under  bridges,  the  headroom,  are 
usually  fixed  by  agreement  with  the  local  authorities. 

The  thidmew  <^the  abvUmenU  of  ordinary  road  bridges  on  lines 
of  railway  is  usually  from  l-5th  to  l-6tii  of  the  qian,  and  the 
oounterforts  are  altogether  of  about  one-third  of  the  volume  of  the 
abutments.  The  wing  walls  are  retaining  walls,  as  to  which,  see 
Articles  265  to  268,  pp.  401  to  407.  In  ordinaiy  cases  their 
thickness  at  the  base  is  from  l-4th  to  3-lOths  of  their  hei^t^  and 
about  one-half  of  that  amount  at  the  top,  diminishing  by  steps  or 
scarcements  at  the  back  of  the  wall;  tiie  £a<se  has  a  batter,  of 
which  1  in  12  is  an  usual  value. 

Bridges  over  deep  and  wide  cuttings  may  have  three  or  five  arch@. 

rV.  In  aeleoUng  the  line  and  levelsj  the  engineer  should  have 
r^^rd  to  the  crossings  of  existing  lines  of  conveyance  which  nay 
be  required,  bearing  in  mind  that  the  earthwork  of  the  approaches 
to  those  crossings,  owing  to  its  inconvenient  situation,  is  more 
expensive  than  that  of  the  railway  itself  He  should  stady  to 
have  as  few  bridges  above  the  minimum  size  as  possible;  and  with 
that  view  he  should  endeavour,  as  far  as  possible,  to  gain  the 
neoessaiy  headroom  partly  by  means  of  the  elevation  or  depiessioD 
of  the  railway  above  or  below  the  existing  road,  and  putly  by 
means  of  an  alteration  of  the  level  of  that  road. 

The  level  occupied  by  existing  lines  of  conveyance,  if  they  have 
been  well  laid  out,  is  usually  the  most  favourable  to  economy  of 
works;  and  for  that  reason  there  is  generally  an  advantage  in 
crossing  such  lines  on  the  level,  independently  of  the  saving  of  the 
cost  of  bridges;  but  the  choice  between  level  crossings  and  bridges 
must  be  I'egulated  mainly  by  considering  whether  the  traffic  is  such 
as  to  make  level  crossings  consistent  with  the  public  safety.  In 
comparing  the  cost  of  a  level  crossing  with  that  of  a  bridge,  re^jsrd 
should  be  had  to  the  necessity  of  having  a  gate-keeper  at  the  levd 
crossing. 

When  the  level  of  an  existing  road  is  to  be  lowered,  special  care 
must  be  taken  that  the  cutting  for  that  purpose  can  be  properi? 
drained. 

The  Line  of  conveyance  which  causes  the  greatest  impediment  to 
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the  passage  of  a  railway  is  a  canal ;  for  it  usually  occupies  precisely 
the  most  fisiYOurable  level  for  economy  of  works ;  its  level  cannot  in 
general  be  altered,  nor  can  it  be  crossed  on  the  level ;  and  it  can 
only  be  crossed  w«flw  its  own  level  by  means  of  a  swing  bridge, 
which  is  inconvenient  if  the  traffic  is  great. 

In  making  a  bridge  over  a  canal,  the  span  should  be  sufficient  to 
contain  the  canal  and  its  towing  path  without  contracting  their 
width;  and  care  must  be  taken  in  founding  the  abutments  not  to 
disturb  the  canal  To  prevent  the  escape  of  water  it  may  be 
necessary  to  use  coffer  dams.  (Article  409,  p.  612.)  The  clear 
headroom  is  usually  fixed  by  agreement ;  in  ordinary  cases  it  is  10 
feet  above  the  towing  path,  to  be  sufficient  for  a  man  on  horseback* 

A  passage  under  a  canal  may  be  made  either  by  tunnelling  at  a 
sufficient  depth,  or  by  making  a  temporary  or  permanent  diversion 
of  the  canaJ,  and  building  an  aqueduct  bridge;  which,  if  the 
diversion  is  to  be  temporary,  will  be  on  the  original  course  of  the 
canal,  and  if  permanent,  on  that  •f  the  diversion.  Canal  and  river 
brid^  will  be  further  considered  in  a  later  chapter. 

437.  BaiiMt  is  that  portion  of  the  permanent  way  of  a  railway 
which  forms  a  firm  and  dry  foundation  for  the  rails  or  for  the 
sleepers  by  which  they  are  supported.  It  is  sometimes  distinguished 
into  ballast  proper,  or  tmder  ballast,  which  lies  wholly  below  the 
sleepers  or  other  supports  of  the  rails,  and  boxing,  or  upper  ballast, 
which  is  packed  round  the  sleepers,  chairs,  and  rails,  up  to  within 
two  or  three  inches  of  the  upper  surface  of  the  rails. 

Examples  of  the  breadth  of  the  upper  surface  of  the  ballast  have 
already  been  given  in  Article  435,  pp.  656,  657.  Its  depth 
varies  in  different  lines  and  according  to  the  pitictice  of  different 
engineers;  the  following  may  be  taken  as  its  ordinary  limits : — 

Feet  Inches.     Feet  Inches. 

Lower  ballast, from      o      9    to     i       6 

Upper  ballast,  or  boxing,     „        o      6    to    o      9 


Total  depth, „         i       3    to 


In  exploring  the  course  of  a  projected  railway,  the  engineer 
should  give  special  attention  to  the  sources  from  which  good  ballast 
can  be  obtained. 

The  best  material  is  stone,  broken  as  for  road  metal,  into  pieces 
not  exceeding  6  ounces  in  weight  (see  Ajrticle  420,  p.  627);  but 
the  stone  does  not  need  to  be  so  hard  as  for  roads;  it  is  sufficient  if 
it  be  of  such  hardness  as  would  make  it  suitable  for  ordinary  build- 

*  To  admit  of  a  hone  rearing  vithout  danger  to  the  rider,  12  feet  of  headroom 
shookl  be  allowed. 
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ing  puxpoeea.  Stone  that  decays  readily  bj  the  action  of  air  and 
moisture  onght  to  be  carefully  avoided.  Id  the  absence  or  seudtj 
of  suitable  stone,  the  slag  of  iron  works,  broken  to  a  ^umpet  sag, 
may  be  used ;  or  alum- work  refuse,  which  is  shale  bunt  to  ih^ 
consistency  of  brick ;  or  engine  ashes.  Next  to  broken  stone  and 
slag,  as  a  material  for  ballast,  is  dean  gravel ;  the  lumps  exoeedbg 
6  ounces  in  weight  being  broken  with  the  hammer.  Clean  diar[) 
sand  may  be  used,  but  it  has  the  disadvantages^  that  in  hes\y  &i^ 
of  rain  it  may  be  washed  away,  and  that  in  very  dry  weaths-  it  b 
blown  into  the  air,  and  damages  the  rolling  stock  by  lodging  sbom 
the  bearings  of  the  axles  and  mechanism.  In  the  abs^oce  of  all 
other  materials,  pieces  of  clay  suitable  for  bricks  may  be  bmst 
until  they  are  hard,  and  then  broken  down  and  used  as  balk«l 
As  to  the  qualities  of  such  clay,  see  Article  219,  pi  363. 

The  labour  of  breaking  and  spreading  a  given  quantity  of  baUast 
is  about  twice,  or  2^  times,  that  of  excavating  the  same  quantiljof 
gravel 

438.  Stocpw  are  pieces  of  material  which  rest  on  the  bsllast. 
as  already  stated  (being  firmly  bedded  on  it  by  means  of  a  beetle), 
and  support  the  rails.  At  an  early  period  in  the  history  of  rail- 
ways, stone  Uodcs  were  used  for  that  purpose;  they  were  placed  at 
3  feet  apart  from  centre  to  centre,  and  measured,  on  horse-worked 
railwajrs,  about  IS  inches  X  12  inches  X  9  inches,  and  on  steam- 
worked  railways,  2  feet  X  2  feet  X  1  foot;  but  they  were  found  to 
form  too  hard  and  unyielding  a  base  for  tniffic  at  h^h  speeds,  eren 
with  the  aid  of  pieces  of  felt  under  the  chairs,  and  their  use  vas 
abandoned  in  favour  of  that  of  timber  deepers. 

The  best  materiab  for  timber  sleepers  are  woods  which  withstai»i 
alternate  wetness  and  dryn^s;  and  of  those,  the  most  geneialij 
employed  in  Europe  is  Larch.  (Article  302,  p.  443.)  VariwB 
sulratances  have  been  used  for  the  preservation  of  timber  sleepeis: 
the  most  efficient  is  "  creosote."     (Article  450,  p.  311.) 

Timber  sleepers  are  either  transverse  or  longitudinal  The  forme" 
afford  a  ready  and  efficient  means  of  preserving  the  gauge;  tk 
latter  give  the  most  equable  and  continuous  support  to  the  rails. 

Trcmsverse  or  croes  deepers  are  usually  about  9  feet  long,  from  9 
to  10  inches  broad,  and  from  4^  to  5  inches  deep.  Their  mo^ 
common  forms  of  cro&s-section  are  the  semicircular  and  t^e  tri- 
angular. Semicircular  sleepers  are  made  by  sawing  a  round  \o^^ 
two  along  the  middle;  they  are  laid  on  the  ballast  with  iiie  ^^ 
side  down ;  on  the  upper  or  convex  side  are  cut  with  great  aocur*^ 
two  flat  surfaces  or  "  seats,"  made  to  fit  the  bases  of  the  chairs,  if 
chairs  are  used,  or  of  the  rails,  if  flat-bottomed  rails  are  used  ^^' 
out  chairs;  and  in  those  seats  are  bored  holes  for  the  pins  or  otlter 
fiistenings  by  which  the  chairs  or  rails  are  fixed  to  them.    1^* 
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angular  sleepers  are  made  by  sawing  a  squared  log  in  two  by  a 
diagonal  cut;  they  are  laid  with  the  right  angle  downwards  and 
the  broadest  side  upwards.  The  distance  apart  at  which  cross 
sleepers  are  laid  ranges  from  about  2^  feet  to  4  feet  from  centre  to 
centre;  but  it  seldom  now  exceeds  3  feet,  as  wider  spans  have  been 
found  to  cause  oyerstraining  of  the  rails. 

LoTigUvdmcd  de^pera  or  hea/rers  are  usuaUy  from  12  to  14  inches 
broad,  and  from  6  to  7  inches  deep,  being  made  by  sawing  a  square 
balk  of  timber  in  two.  The  rails  may  either  have  a  continuous 
bearing  on  them,  or  may  be  supported  by  chairs  at  intervals  of  30 
inches  or  3  feet.  When  the  bearing  is  continuous  it  is  usual  to 
bolt  or  screw  a  plank  of  7  or  8  inches  wide  and  \\  inch  thick,  or 
thereabouts,  on  the  top  of  the  sleeper,  and  upon  this  plank  the  base 
of  the  rail  rests.  In  order  to  preserve  the  gauge,  the  pair  of 
longitudinal  bearers  of  a  track  of  rails  must  be  connected  by  means 
of  cross-ties  at  intervals  of  about  5  or  6  yards.  Special  care  should 
be  taken  that  the  ballast  under  the  bearers  is  not  impervious  to 
water,  lest  they  should  confine  water  in  the  middle  of  the  track. 

Xiongitudinal  and  cross  sleepers  are  sometimes  combined,  the 
cross  sleepers  being  laid  undermost.  In  this  case  the  scantlings  of 
the  cross  sleepers  are  made  less  than  when  cross  sleepers  are  used 
alone,  being  usually  about  7  feet  X  7  inches  X  3^  inches. 

Cast  vron  deepera  are  used  of  various  forms.  In  Mr.  Greaves's 
form  the  chair  and  sleeper  are  cast  in  one  piece,  the  base  being 
like  an  inverted  bowl,  near  the  summit  of  which  are  two  holes,  so 
that  ballast  can  be  put  into  the  hollow  and  rammed  from  above. 
The  gauge  is  preserved  by  transverse  rods.  In  Mr.  Samuel's  form 
the  rail  is  wedged  with  pieces  of  wood  into  a  sort  of  cast  iron 
ti-ough  with  fiat  spreading  wings.  Another  form  is  simply  a  flat 
oblong  plate,  with  chairs  cast  on  its  upper  side;  and  a  fourth  is  an 
oblong  trough  wedged  full  of  pieces  of  wood,  on  which  the  chairs 
rest.     (See  Clark  On  RMway  Machinery,) 

439.  Balls  mmA  ciMirs. — ^The  iron  from  which  rails  are  rolled  is 
either  No.  1  bar  iron,  that  is,  puddled  bars;  or  No.  2  or  3,  that  is, 
bar  iron  once  or  twice  piled,  re-heated,  and  rolled,  as  the  case  may 
be;  so  that  the  rails  themselves  consist  of  No.  2,  No.  3,  or  No.  4 
bar  iron.  Piling,  re-heating,  and  rolling  increase  the  compactness 
and  toughness  of  iron  up  to  the  fifth  time,  as  already  stated.  (See 
Table,  p.  511.)  A  common  practice  is,  to  use  No.  1  iron  for  the 
interior  of  the  pile  from  which  a  rail  is  to  be  rolled,  and  No.  2  or 
No.  3  for  the  outside,  especially  the  top  or  head,  and  the  base ; 
sometimes  a  flat  bar  of  charcoal  iron  is  used  for  the  head,  in  order 
that  the  surfece  on  which  the  wheels  roll  may  have  greater  strength 
and  durability  than  the  rest 

To  use  inferior  sorts  of  iron  in  rails,  in  order  to  cheapen  them,  is 
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iklae  economy,  as  ezperienoe  has  shown ;  the  rails  so  prodnoed  bein§ 
liable  to  spread,  split,  and  scale  under  swift  and  hetLvy  traffic 

Fig.  280  IB  an  example  of  an  ordinary  cross-section  for  a  pOe  of 
bars  to  be  rolled  into  a  rail ;  the  top  and  bottom  being  eadi  formed 
of  a  single  bar,  and  the  other  bars  bnilt  so  as  to  break 
joint 

The  dimensions  of  the  pOe  range  from  6  inch^ 
broad  by  7  deep,  to  9  inches  broad  by  10  deq) ;  aod 
its  lengUi  is  such  as  to  make  its  weight  ones  asui  a- 
quarter  that  of  the  rail  to  be  rolled  from  it,  in  order 
Fig.  2S0.       to  allow  for  waste. 

The  rail  should  be  rolled  out  at  one  heat^  im- 
mediately after  which  it  is  to  be  cut  to  the  pit>per  length,  by  sawing 
off  its  ends  with  a  pair  of  circular  saws,  already  mentioned  in 
Article  366,  p  522.  The  ends  should  be  exactly  perpendicular  to 
the  length  of  the  rail 

The  ordinary  lengths  of  rails  range  from  15  to  21  feet 
The  sectional  area  of  a  rail,  in  square  inches,  is  almost  exactly 
one-tenth  of  the  weight  of  one  yard  of  its  length  in  lbs. 

On  horse-worked  railways,  the  weight  of  the  rails  per  yard  raises 
from  28  lbs.  to  35  lbs.,  the  former  weight  being  barely  sufficient  for 
durability.  On  the  earlier  of  the  high  speed  locomotive  lines,  a 
weight  of  about  60  lbs.  to  the  yard  was  adopted ;  but  the  continual 
increase  of  the  weight  and  speed  of  engines  has  rendered  neoeasarj 
a  continual  increase  in  the  weight  of  rails;  so  that  it  now  ranges 
from  70  to  100  Iba  per  yard,  or  thereabouts. 

'As  a  general  rule,  it  may  be  stated  that  the  uxighi  of  a  yard  of 
rail^  if  supported  at  intervals,  should  be  15  lbs,  for  each  ton  of  ike 
greatest  load  on  one  driving  lohed.  When  the  bearing  is  continuous, 
about  five-sixths  of  that  weight  is  sufficient 

The  head  or  top  of  a  rail  is  usually  about  2^  inches  broad,  and 
has  a  very  slight  convexity  in  the  middle,  the  radius  of  whidi  is 
from  5  to  7  inches.  In  laying  the  rails  they  are  carefully  adjusted 
to  the  true  gauge  by  means  of  a  gauge-rod  with  shoulders  on  it  at 
the  proper  distance  apart  On  straight  lines  the  heads  of  the  two 
rails  should  be  exactly  at  the  same  level,  and  in  curves  they  should 
be  set  to  the  proper  "  cant,"  as  already  explained  in  Artide  434, 
p.  649.  If  cylindrical  wheels  are  used  for  the  rolling  stock,  the 
highest  part  of  the  head  of  each  rail  should  be  a  tangent  to  a  levd 
line,  or  a  line  inclined  at  the  proper  cant,  as  the  case  may  be;  but 
if  the  wheels  are  tapered,  the  rails  must  be  inclined  inwards 
towards  each  other  so  as  to  be  tangents  at  their  highest  points  to 
the  conical  treads  of  the  wheels  This  inward  inclination  is  given, 
where  chairs  are  used,  by  casting  the  chairs  so  that  their  jaws  nuy 
hold  the  rail  in  the  proper '^Keition. 
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The  figures  adopted  for  the  cross-sections  of  laDs  vary  with  the 
modes  in  which  they  are  supported.     A  rail  may  be  either 

(1.)  Supported  on  the  base  and  stayed  at  the  sides,  or 


(2.)  Supported  on  a  broad  base  alone,  or 
(3)~       


Hung  by  the  shoulders; 

and  the  bearings  may  be  either 

(A)  at  intervals  (generally  about  3  feet) ;  or  (B)  continuous. 

In  figs.  281,  282,  283,  and  284,  the  cross-section  of  the  rail  is  of 
the  I-shaped,  double  T-shaped,  or  "double-headed"  figure,  at  pre- 
sent more  generally  used  than  any  other.  When  this  figure  was 
first  introduced,  it  was  intended  that  on  the  top  becoming  too 


FSg.  281. 


Fig.  282. 


Fig.  2^3. 


Fig.  284. 


Fig.  286. 


F!g.  286. 


much  worn  for  further  use,  the  rail  should  be  turned  upside  down ; 
bat  in  general,  by  the  time  the  top  is  worn  out,  the  rail  is  unfit  for 
further  use.  The  usual  weight  of  rails  of  this  form  is  75  lbs.  per 
yard,  and  their  depth  5  inches.  In  ^g.  281  the  rail  A  is  shown  as 
supported  by  a  common  cast  iron  chair  B  B,  which  is  pinned  by 
two  compressed  oak  treenails,  D,  D,  to  a  cross  sleeper  R  The  rail 
rests  by  its  base  or  foot  on  the  bottom  of  the  chair,  and  is  kept 
steady  by  being  firmly  held  between  the  inner  jaw  of  the  chair 
and  a  compressed  oak  wedge  or  key,  C,  which  is  driven  between  the 
rail  and  the  outer  jaw. 

The  inner  faces  of  the  jaws  or  cheeks  of  the  chair  are  chilled. 
(See  Article  352,  p.  499.)  An  ordinary  chair  weighs  about  as 
much  as  one  foot  of  the  rail  which  it  is  intended  to  support;  &  joint- 
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chair,  for  sapporiing  the  ends  of  two  adjoining  rails,  is  from  one- 
third  to  one-half  heavier,  and  its  outer  end  is  usnallj  &stened 
down  by  two  pins  instead  of  one.  Fig.  282  represents  a  sort  of 
joint-chair,  introduced  by  Mr.  William  Johnstone,  which  has  been 
found  to  answer  well ;  it  is  slid  on  to  the  rails,  which  its  jaws  fit 
exactly. 

It  has  now,  however,  become  very  generaUy  the  practice  to  con- 
nect adjoining  rails  by  the  Jishrjoird;  the  ends  of  the  rails  being 
supported  by  a  pair  of  ordinary  chairs,  which  they  overhang  by  12 
or  15  inches,  and  being  united  to  each  other  by  a  pair  of  JMrpieoeSy 
about  18  or  20  inches  long,  bolted  together  through  the  ruls  by 
four  bolts.  Fig.  283  shows  in  cross-section  the  figure  of  which  the 
fish-pieces  are  made  in  order  that  they  may  abut  at  their  upper  and 
lower  edges  against  the  head  and  foot  of  each  rail,  and  thus  be 
wedged  into  their  places.  The  bolt-holes  in  the  rails  are  made 
slightly  oblong  horizontally,  to  aUow  for  changes  of  length  by  heat 
and  cold,  which  may  amount,  in  ordinary  cases,  to  about  l-2000th 
or  l-2500th  of  the  length  of  each  raU  (p.  527). 

Fig.  284:  is  the  5nu^  fishrjoint,  in  which  the  fish-pieces  are  of 
angle  iron,  and  answer  the  purpose  of  a  joint-chair;  their  hori- 
zontal bases  being  bolted  down  to  a  pair  of  cross  sleepers. 

Among  rails  which  are  supported  on  a  broad  haae  wUkout  chain 
may  be  mentioned  ihefoot  raU,  fig.  285,  which  is  fitstened  down  by 
means  of  fang-bolts  to  longitudinal  or  cross  sleepers;  the  bridge  rail 
(fig.  229,  p.  518),  and  the  Barlow  rail  (fig.  230,  p.  518). 

Bridge  rails  are  made  from  3  to  5  inches  deep,  and  from  7  to  6 
inches  in  breadth  of  base,  and  are  bolted  to  the  sleepers,  dther 
through  slightly  oblong  holes,  or  by  fang-bolts  holding  down  the 
edges  of  the  base.  When  supported  on  a  continuous  bearing,  they 
weigh  about  65  lbs.  per  yard ;  when  supported  at  intervals  on  cn»» 
sleepers,  82  lbs.  per  yard.  In  the  latter  case  each  joint  is  secured 
by  holding  the  bases  of  the  two  rails  between  a  pair  of  cast  iron 
jaws,  drawn  together  by  transverse  bolts  which  pass  under  the 
rails.  (This  system  was  introduced  by  Sir  John  Macneill,  and  is 
used  on  Irish  lines). 

The  Barlow  rail  is  now  made  with  a  portion  of  each  wing  flat 
and  horizontal,  so  that  it  approaches  somewhat  nearer  to  the 
bridge  shape  than  fig.  230  showa  It  is  about  a  foot  broad,  5 
or  6  inches  deep  over  all,  and  weighs  from  90  to  100  Ibe.  per  yiurd 
It  rests  directly  on  the  ballast,  without  sleepers  or  chairs,  and  tiie 
gauge  is  preserved  by  means  of  cross-ties  of  angle  iron.  The  joint 
is  in  fact  a  sort  of  fiish -joint,  the  ends  of  the  ruls  being  oonnectdd 
together  by  being  bolted  through  oblong  holes  to  a  sadeBe-pieeie, 
3  ^t  long,  which  is  a  bar  somewhat  resembling  the  rails  in  cro»- 
section,  and  made  exactly  to  fit  the  hollow  at  the  under  side  of  tiie  rail 
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Tbe  system  of  sapporting  rails  5y  the  shauldera  of  the  enlarged 
liead,  wMch  is  the  most  favourable  of  all  to  steadiness,  was  practised 
more  than  twenty  years  ago,  with  the  shallow  T-shaped  rails  then 
^ised  for  horse-worked  railways,  by  Mr.  David  Eankine;  but  it  was 
not  suited  to  the  deep  rails  employed  on  locomotive  lines  without 
the  aid  of  contrivances  which  have  only  of  late  been  invented  by 
Mr.  W.  B.  Adams. 

Fig.  286  represents  Mr.  Adams's  suspended  girder  rail,  in  which 
-the  vertical  web,  not  having  to  sustain  compression,  is  made  thinner 
and  deeper  than  in  ordinary  rails,  so  that,  for  example,  a  rail  of  75 
lbs.  to  the  yard  is  7  inches  deep.  The  rail  A  has  a  continuous  bearing 
at  the  shoulders  upon  a  pair  of  angle  iron  brackets,  £,  B,  whose 
lower  edges  press  against  the  foot  of  the  rail,  so  that  they  are 
^wedged  into  the  hollow  sides  of  the  rail  by  bolts,  C,  about  3  feet 
apart,  passing  through  oblong  holes.  D  is  a  cross  tie-bar,  to  pre- 
serve the  gauge.  The  total  breadth  across  the  wings  of  the 
brackets  ranges  from  9  to  14  inches,  according  to  the  weight  of  the 
traffic;  and  those  wings  rest  directly  on  the  ballast.  The  rails 
and  the  brackets  are  laid  so  as  to  break  joint  Another  mode  of 
constructing  this  sort  of  permanent  way  is  to  substitute  pieces 
of  creosoted  timber,  about  5  inches  square,  for  the  angle-iron 
brackets. 

440.  Ralli  for  Ijercl  CroMinga  of  Roads. — ^When  the  covering  of 
a  road  is  of  broken  stone,  the  ordinary  permanent  way  of  the  rail- 
way may  be  laid  across  it,  with  the  heads  of  the  rails  rising  about  | 
of  an  inch  above  the  road  metal  Switches,  points,  and  crossings 
of  rails  should  not  occur  on  a  level  crossing  of  a  road^  nor  should 
any  rails  on  such  a  crossing  approach  nearer  to  each  other  than 
about  6  inches,  lest  horses  should  be  injured  or  disabled  by  their 
feet  being  wedged  between  rails,  or  the  caidkers  of  their  shoes, 
used  in  £rosty  weather,  getting  jammed  in  the  openings  of  points, 
switches,  and  rail  crossings. 

Crossings  of  paved  roads  also  may  be  made  with  the  ordinary 
rails,  grooves  for  the  flanges  of  the  wheels  being  cut  in  the  paving- 
stones  alongside  of  the  rails. 

Kails  of  a  special  form  are  sometimes  used  for  level  crossings  of 
roads.  They  are  usually  H-formed,  the  upper  side  presenting  a 
groove  about  2  J  inches  broad  and  1^  inch  deep,  between  two 
ilanges,  the  outer  of  which,  being  the  head  of  the  rail  on  which  the 
-wheel  runs,  must  be  2^  inches  broad;  while  the  inner  flange  may 
be  of  the  same  breadth  or  of  a  less  bi*eadth,  according  as  the  rail  is 
to  be  reversible  or  not. 

441.  JaaciioBS  and  CoanectioBS  of  lilaes  of  Ralli — TniTenen — 
Tamtabics. — I.  The  junction  of  two  lines  of  rails  is  efibcted  either 
by  means  of  a  pair  of  those  tapering  moveable  rails  called  switdieSf 
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connected  together  and  worked  by  the  same  handle  or  hj  nwansof 
a  switch  at  the  side  /ram  which  a  caiiiage  leaving  the  nam  ^ 
tnrna,  and  a  fixed  point  at  the  other  sida  The  fcmner  anuge- 
ment  is  considered  the  safer  wh««  the  speed  of  the  traffic  is  greu 

On  a  narrow  gauge  line,  the  ordinary  distance  between  the  tip  of 
the  switch  and  the  cro98mg^  where  the  two  tracks  finally  beeon^ 
clear  of  each  other,  is  about  80  feet,  so  that  if  one  of  the  kacb  is 
straight  the  other  has  a  curvature  of  about  640  feet  radios. 

Switches  are  made  self-acting  by  a  weight  which  pulls  them  into 
that  position  which  suits  the  main  stream  of  traffic,  so  thai  thej 
require  to  be  held  by  force  in  the  contrary  position.  The  handles 
by  which  switches  are  worked  are  so  shaped  and  painted  that  to 
position  can  be  distinctly  seen  from  a  considerable  distanoa 

It  was  formerly  the  practice  to  notch  the  aides  of  the  fixed  r^ 
80  as  to  receive  the  tips  of  the  switches;  but  this  has  been rendend 
unnecessary  by  the  introduction  of  an  impit)ved  form  of  switch.* 

As  fiir  as  possible,  switches  on  the  main  tracks  of  a  line  of  nil- 
way  should  point  in  the  ordinary  direction  of  the  traffic  ;yae»^ 
points,  as  those  which  point  in  the  contrary  direction  are  called. 
should  only  be  used  in  cases  of  necessity,  and  then  with  precautions 
sufficient  to  obviate  the  risk  of  a  train  being  accidentally  tamed  on 
to  a  wrong  line. 

II.  A  oonneeUon  between  two  parallel  lines  of  rails  is  nsoallj 
made,  where  ihere  is  room  enough,  by  means  of  an  oblique  line  of 
rails  with  switches  at  each  end  On  the  narrow  gauge,  the  lei^ 
of  such  a  connection  is  about  180  feet 

III.  A  traverser  affords  the  most  convenient  mode  of  shifting 
carriages  between  parallel  lines  of  rails  at  a  terminal  station,  whoe 
there  is  not  room  enough  for  an  ordinary  connection.  It  is  a  phi" 
form  supporting  a  line  of  rails,  long  enough  for  a  carriage  to  stand 
upon,  and  supported  on  wheels  which  roll  on  a  transverse  line  of 
nuls  at  a  lower  level 

IV.  Tumtablee  serve  to  connect  lines  of  rails  which  cross  each 
other  at  right  angles,  or  which  radiate  from  a  central  point.  A 
turntable  consists  essentially  of  the  following  parts : — ^A  foundatioQ 
of  masonry  or  concrete,  a  circular  cast  iron  base,  having  a  pi^ot  in 
the  centre,  and  a  race  or  track  for  rollers  round  the  circumferenc^; 
a  set  of  conical  rollers,  carried  in  a  firame  which  turns  aboat  tne 
pivot;  a  deck  or  platform,  supported  on  the  pivot  at  its  centre  sod 
on  the  rollers  at  its  circumference,  carxying  one  or  naore  lin® 
of  rails,  and  provided  with  one  or  more  catches  to  fix  it  in  dif- 
ferent positions.  The  greater  the  proportion  of  the  weight  boine 
by  the  pivot,  and  the  less  that  borne  by  the  roUers,  the  lees  is  t^ 
fiiction. 

*  Pint  introdoeed  bv  Meeara.  Baniome  and  Kay. 
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A  turntable  which  floats  in  a  cylindrical  water-tank  was  in- 
vented by  Mr.  Adama 

Caniage  turntables  are  usually  12  or  14  feet  in  diameter,  and 
carry  two  lines  of  rails  at  right  angles  to  each  other. 

A  turntable  for  an  engine  and  tender  is  40  feet  in  diameter,  or 
thereabouts ;  it  usually  carries  but  one  line  of  rails,  and  is  turned 
round  by  the  aid  of  wheelwork.  Such  turntables  are  required  at 
stations,  to  reverse  the  engines,  independently  of  the  connection  of 
lines  of  rails.  Turntables  for  engine  sheds  are  occasionally  made 
with  two  parallel  lines  of  rails. 

For  details  as  to  the  construction  of  these  and  other  railway 
flttings,  see  Mr.  D.  K.  Clark's  work  On  Eailway  MacJdnery, 

442.  MaUoaa. — The  best  positions  for  stations,  in  a  purely 
engineering  point  of  view,  and  the  manner  in  which  they  affect 
questions  of  curves  and  gradients,  have  already  been  discussed  in 
Article  435,  p.  658.  It  may  here  be  added  that  the  engineer 
should  specially  attend  to  the  means  of  draining  the  stations, 
of  supplying  them  with  good  water,  and  of  getting  access  to  them 
by  roadways,  for  the  arrival  and  departure  of  passengers  and 
goods.  Passenger  platforms  are  irom  2  to  3  feet  above  the  level  of 
the  rails,  and  are  best  made  of  strong  flags  resting  on  longitudinal 
walls;  at  their  ends,  they  should  descend  gradually  to  the  level  of 
.the  nols  by  remaps  or  slopes  of  about  1  in  10,  rather  than  by  flights 
of  steps.  They  should  be,  according  to  Mr.  Clark,  at  least  20  feet 
broad  when  used  at  one  side,  30  or  40  when  used  at  both  sides ; 
but  they  are  often  made  of  much  smaller  breadths.  The  roof 
should,  if  possible,  be  in  one  span  over  the  whole  station;  if  inter- 
mediate pillars  are  used,  they  should  be  placed  in  the  middle 
of  broad  platforms,  and  not  near  lines  of  rails  if  it  can  be 
avoided ;  they  should  never,  on  any  accoimt,  be  nearer  a  line  of  rails 
than  4  feet  Care  should  be  taken  that  dieds  have  proper  means 
of  ventilation.  The  extent  and  arrangement  of  the  station  and  its 
fittings,  as  affected  by  questions  of  the  amount  of  traffic  and  the 
best  means  of  accommodating  it,  are  foreign  to  the  subject  of  the 
present  work.  For  examples  of  stations,  see  Mr.  Clark's  article 
"  On  Bail  ways  "  in  the  Encyc,  BrU. 

442  A.  Plyr-CalTWts — nUl^Poate— OnUHent-PMts  —  Telcgvaiph. — 
The  construction  of  culverts  large  enough  to  be  accessible  for  pur- 
poses of  repair,  in  order  to  carry  gas-pipes  and  water-pipes  under  a 
railway,  is  enjoined  by  law  in  Britain ;  as  is  also  the  erection  of 
numbered  mile-posts  at  every  quarter  of  a  mile.  Gradient-posts,  at 
changes  of  gradient,  having  boards  to  show  the  direction  and  rate  of 
inclination,  are  useful  to  the  engine  drivers.  Where  trains  run  at 
very  short  intervals,  a  line  of  electric  telegraph  may  be  considered 
as  almost  essential  to  the  safe  working  of  the  railway. 
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CHAPTER  II. 

OF  THK  OOLLECriON,   COmTETANCE,  ANB  DISmUBUTIOK  OP  Wi3SL 

Sbction  I. — Theory  of  (he  Flow  of  Water,  or  qfffycknuiies. 


443.  ywwTO  wf  Wmuae^m^md, — The  laws  of  the  pressure  of  s 
maB8  of  water,  when  at  rest,  against  any  surface  whi<^  it  touches, 
have  already  been  expbuned  in  Article  107^  p.  164. 

In  all  questions  of  hydraulics,  it  is  convenieat  to  express  the 
intensity  of  the  pressure  of  water  iafaet  qfuxUer;  that  is,  in  terms 
of  the  intensity  of  the  pressure  of  a  column  of  water  one  foot  high 
upon  its  base,  as  an  unit  A  pressure  so  expressed  is  sometimes 
called  a  head  qf  pressure.  In  p.  161  two  values  of  that  unity  for 
pure  water  at  the  temperatures  of  39^-1  and  62°  respectively,  have 
been  compared  with  other  units;  in  the  following  table  a  com- 
parison of  the  same  sort  is  given  in  greater  detail,  the  heavi- 
ness assigned  to  pure  water  being  62*4  lbs.  per  cubic  foot,  which 
is  almost  perfectly  exact  at  a  temperature  of  about  52^*3  Fahren- 
heit, and  near  enough  to  the  truth  for  practical  purposes  at 
other  temperatures,  and  is  also  a  convenient  value  for  calcu- 
lation : — 

GoxPABisoy  OP  Heads  op  Water  ih  Feet,  with  Presbubbs  nr 
Various  Units. 

One  foot  of  water  at  52''*3  Fahr.  =62*4        lbs.  on  the  square  fooL 
„  „  o'4333  lb.  on  the  square  inch. 

„  „  0*0295  atmosphere. 

„  „  0*8823  inch  of  mercury  at  32^ 

f  feet  of  air  at  32®,  and 
"  "  773  I     Qjie  atmosphere 

One  lb.  on  the  square  foot,. 0*016026  foot  of  water. 

One  lb.  on  the  square  inch, 2  -308        feet  of  water. 

One  atmosphere  of  29*922  inches  ) 

of  mercury, j    33*9  »  n 

One  inch  of  mercury  at  32**, i *i 334        w  >> 

One  foot  of  aii*  at  32°,  and  one  ) 

atmosphere, |      <'o°"94    » 

One  foot  of  average  sea  water, ....       1-036        foot  of  pore  water. 
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The  TOTAL  HEAD  of  a  given  particle  of  water  is  found  by  adding 
together  the  following  quantities : — 

The  head  of  presswrey  or  intensity  of  the  pressure  exerted  by 

the  particle,  expressed  in  feet  of  water. 
The  head  ofdeocUiony  or  actual  height  of  the  particle  above 

some  fixed  or  '^  da^mn  '*  level 

la  stating  the  pressure  or  head  of  a  particle  of  water,  it  is  usual 
not  to  include  the  aimoapheric  jyresawrey  so  that  the  ahaolute  or  true 
pressure  exceeds  the  pressure  as  stated  in  the  customary  way  by 
one  atmosphere.  When  the  absolute  pressure  is  exactly  one  atmo- 
sphere, the  pressure  as  stated  in  the  customaiy  way  is  noiMng; 
when  the  absolute  falls  short  of  the  atmospheric  pressure  by  so 
many  lbs.  on  the  square  inch,  or  so  many  feet  of  water,  the 
customaiy  mode  of  stating  that  fact  is  to  say  that  there  are 
so  many  lbs.  on  the  square  inch,  or  so  many  feet,  of  vacuum. 

The  atmospheric  pressure,  at  the  level  of  the  sea,  varies  firom 
about  32  to  35  feet  of  water,  and  diminishes  at  £he  rate  nearly  of 
1-1 00th  part  of  itself  for  each  262  feet  of  elevation  above  that 
leveL 

444.   TolMBM  and  Mean  Velocltr  of  Flow. — The  vohime  of  flow 

or  discha/rge  of  a  stream  of  water  is  expressed  in  units  of  volume 
per  imit  of  time. 

The  most  convenient  unit  of  volume  is  the  cubiG  foot;  but  in 
calculations  relating  to  the  water  supply  of  towns  it  is  customary 
to  use  the  gaUon. 

The  following  is  the  relation  between  those  units : — 

One  gaUon  =  0*1604  cubic  foot  (being  10  lbs.  of  water) ;  and 
One  cubic  foot  =  6*2355  gallons; 

but  in  ordinary  calculations  respecting  water-works  it  is  sufficiently 
accurate  to  make  one  gallon  =  0*16  cubic  foot,  and  one  cubic  foot 
=  ^  gallons. 

Of  different  unUa  of  twm^y  the  iecomd  is  the  most  convenient  in 
mechanical  calculations;  the  Ttrnvule  is  the  customary  imit  in 
stating  the  dischai^  of  streams;  the  hofwr^  the  day^  and  larger 
periods  are  used  in  calculations  as  to  drainage  and  water  supply. 

The  variety  of  WMts  of  discharge  is  thus  very  great  The  cubic 
fooi  per  second  is  the  most  convenient  in  mechanic  calculations. 

The  mecm  vdocity  of  a  stream  at  a  given  cross-section  is  found  by 
dividing  the  discharge,  or  volume  of  flow,  by  the  area  of  the  cross- 
section,  and  is  most  conveniently  expressed  in  feet  per  second. 

445.  OveatMt  and  ]>ui  VeiocidM. — ^Inasmuch  as  every  stream 
of  fluid  that  flows  in  a  channel  is  retarded  by  friction  against  the 

2x 
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mateml  of  the  channel,  the  velocity  of  the  fluid  paitides  is  dif- 
ferent at  different  points  of  the  same  cross-section,  beng  greater 
in  the  centre  and  least  at  the  border.  In  open  channels,  Kke 
those  of  rivers,  the  ratio  of  the  mean  velocity  to  the  greatest  cr 
central  velocity  is  given  approximately  by  the  following  formula  (^ 
Ppony : — 


mean  velocity  __  greatest  velocity  +  7*71  feet  per  second 
greatest  velocity""  greatest  velocity  + 1 0*28  feet  per  second" 


(1-) 


The  least  velocity,  or  that  of  the  particles  in  contact  with  the 
bed,  is  about  as  much  less  than  the  mean  velocity  as  the  greatest 
velocity  is  greater  than  the  mean.  In  ordinaiy  caaes^  the  lesst, 
mean,  and  greatest  velocities  may  be  taken  as  bearing  to  each  ath«r 
nearly  the  proportions  of  3,  4,  and  5.  In  very  slow  correnta  they 
are  nearly  as  2,  3,  and  4. 

446.  G«««i«i  PrancipiM  of  mtm^f  Flow. — Thesteodf/  motion  of  a 
mass  of  fluid,  as  distinguished  from  unsteady  motion,  means  that 
kind  of  motion  in  which  the  velocity  and  direction  of  motion  of  a 
particle  depend  on  its  position  alone,  and  not  jointly  on  posidoo 
and  time ;  so  that  each  particle  of  the  series  of  particles  which 
successively  come  to  a  given  point,  assumes  a  certain  velocity  and 
direction  of  motion  proper  to  that  point  It  is,  in  short,  the 
motion  of  a  permanent  currerUy  as  distinguished  from  that  of  a 
varying  current,  or  that  of  a  wave. 

In  order  to  acquire  velocity  from  a  state  of  rest,  or  an  increase  o( 
velocity,  a  fluid  particle  must  pass  from  a  place  oi  grecOer  total  head 
to  a  place  of  less  toted  head.  This  it  may  do  either  by  actual 
descent  from  a  higher  to  a  lower  level,  or  by  passing  ftt>m  a  plac^ 
of  more  intense  pressure  to  a  place  of  less  intense  pressure^  or  by 
both  those  changes  combined  The  loss  of  head  thus  incurred  i^ 
connected  with  the  velocity  produced  by  the  following  laws : — 

I.  In  a  liquid  without  friction  the  loss  of  head  in  producing  a 
given  inci-ease  of  velocity  is  equal  to  the  height  of  vertical  fall  which 
would  produce  the  same  increase  of  velocity  in  a  body  falling  fr«elj; 
in  other  words,  the  loss  of  head  is  equal  to  the  height  due  io  tkt 
acceleration;  and  if  the  particle  starts  from  a  state  of  rest,  that  height 
is  called  the  height  due  to  the  velocity ^  and  is  given  by  the  follow- 
ing formula,  where  v  is  the  velocity  in  feet  per  second : — 

height  in  feet  =  «2  ^  544 (j.) 

II.  If  the  motion  of  the  liquid  is  impeded  by  friction,  there  is  an 
additional  loss  of  head,  bearing  to  the  height  due  to  the  velocity  of 
flow  a  certain  proportion,  depending  on  the  figure  and  dimension:^ 
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of  the  channel  and  openings  traversed  by  the  stream,  and  other 
drcumstances. 

The  combination  of  those  two  principles  may  be  thus  expressed ; 
Let  h  denote  the  loss  of  heady  in  feet;  ^en 

*  =  (1  +  F)6?4J <2) 

in  which  F  is  a  factor,  determined  by  experiment,  expressing  the 
proportion  which  the  loss  of  head  by  friction  bears  to  the  height 
due  to  the  velocity. 

The  inverse  formula,  for  finding  the  velocity  from  the  loss  of 
head,  is  as  follows  : — 


«  =  8-025  Y^^ (3.) 


The  velocity  computed  from  a  given  height,  on  the  supposition 
that  there  is  no  friction,  by  the  formula  v  =  8*025  ^/A^is  sometimes 
called  the  "theoretical  velocity." 

In  an  open  channel  the  loss  of  head  h  consists  wholly  in  dimi- 
nution of  the  "head  of  elevation,"  and  is  the  aci^ualfaU  of  the  upper 
sur£su;e  of  the  stream.  In  a  close  pipe  it  may  consist  wholly  or 
partly  of  diminution  of  the  "  head  of  pressure,"  and  is  then  csJled 
mrtualfaU,     To  express  this  in  symbols. 

Let  z^  denote  the  elevation  above  a  fixed  datum,  and 

p^y  the  head  of  pressure  at  a  point  in  the  reservoir  from 

which  a  pipe  is  supplied,  the  velocity  at  that  point 

being  insensible,  so  that 
«^  +  ^1  is  the  total  head  in  still  water;  also  let 
z  denote  the  elevation  above  the  datum,  and 
jf7,  the  head  of  pressure  at  a  given  point  in  the  pipe,  at  which 

the  loss  of  head,  as  computed  by  equation  2,  is  h;  then 

the  total  head  at  this  point  is, 

«  +  P  =  «i  +  Pi  — ^; (4-) 

and  the  pressure,  in  feet  of  water,  is 

p=iz^+p^  —  z  —  h  (5.) 

The  pressure  of  flowing  water,  as  thus  diminished  by  loss  of 
head,  is  called  htdrauuo  pressure,  to  distinguish  it  from  the 
pressure  of  still  water,  called  hydrostatic  pressure. 

In  an  open  channel,  equation  5  is  simplified  by  the  fact  that  for 
the  upper  surface  of  the  stream,  and  all  surfaces  parallel  to  it,  h  is 
simply  =  «i  —  z;  8o  that />  =Pi,  if  the  two  points  are  at  equal 
depths  below  the  sur&ce. 
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K  the  water  has  a  sensible  velocity  of  flow  ai  the  starting 
point,  the  loss  of  head  required  is  diminished  to  the  extent  of  the 
height  due  to  that  vdocity  ofapproachy  as  it  is  called.  Thus,  let  {*(, 
be  the  velocity  of  approach ;  then,  instead  of  equation  2,  we  must 
use  the  following : — 

*=a  +  ^54-&^ <^) 

and  if  t^o  bears  a  known  ratio  to  v,  let  that  ratio  hevQ^v=zr;  then 
the  above  equation  becomes, 

A  =  (l  +  F-»^^; (7.) 

which  gives,  for  the  inverse  formida, 

''  =  «^25y^r+^ (^) 

When  a  stream  flows  with  an  uniform  speed  down  an  wnt/bm 
channd,  and  two  cross-sections  of  that  channel  are  compared  together, 
the  velocities  Vq  and  v  are  equal,  and  r  =  1 ;  in  this  case,  the  vM^ 
loss  of  head  between  the  two  cross-sections  is  expended  in  overcoming 
friction;  and  equations  7  and  8  are  reduced  to  the  following: — 

A  =  F  t;2  ^  644; (9.) 

V  =  8025  vrxr: (lo.) 

The  following  table  gives  examples  of  heights  in  feet  due  to 
velocities  in  feet  per  second,  as  computed  by  equation  1.  It  U 
exact  for  latitude  54^f ,  and  near  enough  to  exactness  for  practical 
purposes  in  all  latitudes.  The  most  convenient  table,  however,  for 
calculating  either  heights  from  velocities  or  velocities  fix)m  height 
is  an  ordinary  table  of  squares  and  square  roots: — 

t  Height  V  Height            «  Height  «  Height  «        Hcigti 

1  t>i5528  17  4-4875  32-2  16100  48  35776  76  89-6^5 

2  -0621 II  18  5x5310  33  16*910  49  37-282  78  9^*471 

3  '13975  19  5*6055  34  17*950  50  38-819  80  99"377 

4  -24844  20  6-21 1 1  35  19-021  52  41-987  82  104*41 

5  -38819  21  6-8477  36  20124  54  45*279  84  I09j6 

6  -55900  22  7-5153  37  21-257  56  48695  86  lU-B* 

7  76086  23  8-2141  38  22-422  58  52-235  88  i2or2S 

8  -99377  24  8-9439  39  23-618  60  55-900  90  12577 

9  1-2577     25   9*7048   40  24844   62  59*688   92  131-43 

10  1*5528  26  10-497  41  26-102  64  63-601    94  i37'2o 

11  1-8789  27  1 1  •320  42  27-391  64-464*400   90  143*10 

12  2-2360  28  12-174  43  28-711  66  67*639    98  I49''3 

13  2-6241  29  13x559  44  30-062  68  71-800   100  iJS'^ 

14  3X>434  30  13*975  45  31*444  70  76x)86 

15  3*4937  31  14-922  40  32*857  72  80-496 

16  3*9751  32  15*900  47  34*301  74  »5^9 
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447.  VHeOmi  ef  Water. — ^The  following  are  the  values  of  the 
factor  of  friction  F  in  the  formnlse  of  Article  446,  as  ascertained  by 
experiment,  for  the  cases  of  most  common  occurrence  in  practice. 

I.  Friction  of  cm  orifice  in  a  thin  plaU — 

F  =  0054 (1.) 

II.  Friction  of  numtkpiecea  or  eTitrances/rom  reservoirs  into  pipes, 
— Straight  cylindrical  mouthpiece,  perpendicular  to  side  of  reser- 
voir— 

F  =  0-505 (2.) 

The  same  mouthpiece  making  the  angle  B  with  a  perpendicular  to 
the  side  of  the  reservoir — 

F  =  0-505  +  0-303  sin  ^  +  0-226  sin^  0, (3.) 

For  a  mouthpiece  of  the  form  of  the  "  contracted  vein,"  that  is, 
one  somewhat  bell-shaped,  and  so  proportioned  that  if  6^  be  its 
diameter  on  leaving  the  reservoir,  then  at  a  distance  (1-^2  from 
the  side  of  the  reservoir  it  contracts  to  the  diameter  -7854  d, — ^the 
resistance  is  insensible,  and  F  nearly  =  0. 

IIL  Friction  at  sudden  enlcMrgemerUs. — Let  Aj  be  the  sectional 
area  of  a  channel,  discharging  Q  cubic  feet  of  water  per  second,  in 
which  a  sluice,  or  slide  valve,  or  some  such  object,  produces  a 
sudden  contraction  to  the  smaller  area  a,  followed  by  a  sudden 
enlargement  to  the  area  A^.  Let  v  =  Q  ^  A^  be  the  velocity 
in  the  second  enlarged  part  of  the  channel  The  effective  area  of 
the  orifice  a  will  he  c  a,  c  being  a  co-efficient  of  contraction  of  the 
stream  flowing  through  it,  whose  value  may  be  taken  at  -618  -j- 


>  a' 


2 


1  -  -618  -^     Let  the  ratio  in  which  the  effective  area  of  the 


channel  is  suddenly  enlarged  be  denoted  by 

r  =  A4^c«  =  ^/y/(2-618  _l-618g) (4.) 

Then  r  v  ia  the  velocity  in  the  most  contracted  part.  It  appears 
that  all  the  energy  due  to  the  difference  of  the  velocities,  r  v  and  v, 
is  expended  in  fluid  friction,  and  consequently  that  there  is  a  loss 
of  head  given  by  the  formula — 

('•- 1)^-2^ ^'•> 

so  that  in  this  case 

F  =  (r-1)2. (6.) 

IV.  Friction  in  pipes  and  condidts. — ^Let  A  be  the  sectional  area 
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of  a  channel ;  h  its  border ,  that  is,  the  length  of  that  part  of  its 
girth  which  is  in  contact  with  the  water;  I  the  length  of  the  chan- 
nel, 80  that  ^  6  is  the  frictional  surface ;  and  for  brevity^s  sake  kl 
A  -I-  fc  =  f»;  then,  for  the  friction  between  the  water  and  the 
sides  of  the  channel — 

-/■i'=4^ « 

in  which  the  co-efficient /has  the  following  values : — 

For  iron  pipes, /=  0-0036  +  ^-^. (a) 

For  open  condmts,/=0O0741  +9:^^???? (9.) 

The  quantity  m  =  A  ^  5  is  called  the  ^'hydraulic  mean  dqifA"*  of 
channel,  and  for  cylindrical  and  square  pipes  running  full  is 
obviously  one-fourth  of  the  diameter;  and  the  same  is  its  value  for 
a  semicylindrical  open  conduit,  and  for  an  open  conduit  whose 
sides  are  tangents  to  a  semicircle  of  a  diameter  equal  to  twice  tiie 
greatest  depth  of  the  conduit 

In  an  open  conduit,  the  loss  of  head, 

h='^-^ (10.) 

takes  place  as  an  actual  fidl  in  the  sur&ce  of  the  water,  producing 
a  declivity  at  the  lute 

'^l  =  m2g'> (^^i 

and  by  the  last  two  formulae  are  to  be  determined  the  fall  and  the 
i*ate  of  declivity  of  open  channels  which  are  to  convey  a  given  flow. 
In  close  pipes,  the  loss  of  head  takes  place  in  the  total  head ;  and 
the  ratio  i=ih  ^  I  is  called  the  virtual  dedivUy. 

V.  For  bends  in  drcuU^  pipes,  let  d  be  the  diameter  of  the  ppe^ 
^  the  radius  of  curvature  of  its  centre  line  at  the  bend,  I  the  angle 
through  which  it  is  bent,  v  two  right  angles ;  then,  according  to 
Professor  Weisbach, 

P=^{0131  +  1-847  (^*} (12.) 

VI.  For  bends  in  redomguUvr  pipes, 

F  =1  {0124  + 3104  (^yj {\^ 
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VII.  For  Xrnee«,  or  sharp  turns  in  pipes,  let  tf  be  the  angle  made 
"by  the  two  portions  of  the  pipe  at  the  knee;  then 

F  =  0-946  sin2  ^  +  205  sin* ^ (14.) 

VIII.  Svmvmcury  of  losses  of  head, — ^When  several  successive 
causes  of  resistance  occur  in  the  course  of  one  stream,  the  losses  of 
head  aiising  from  them  are  to  be  added  together;  and  this  process 
may  be  extended  to  cases  in  which  the  velocity  varies  in  different 
parts  of  the  channel,  in  the  following  manner : — 

Let  the  final  velocity  at  the  cross  section,  where  the  loss  of  head 
is  required,  be  denoted  by  v ; 

Let  the  ratios  borne  to  that  velocity  by  the  velocities  in  other 
parts  of  the  channel  be  known ;  Tq  v  being  the  "velocity  of  approach" 
(Article  446,  p.  676),  r^  v  the  velocity  in  the  fii-st  division  of  the 
channel,  r^  v  in  the  second,  and  so  on ;  and  let  F^  be  the  sum  of 
all  the  factors  of  resistance  for  the  first  division,  Fj  for  the  second, 
and  so  on;  then  the  loss  of  head  will  be — 

h  =  gj^(l  -  »?  +  F^r?  +  F^Ti  +  &a); 


an  expression  which  may  be  abbreviated  into  the  following : 


h  = 


64 


^(l-rJ  +  2-Fr2). 


(15.) 


448.  ^Cootrmctlon  of  Stream  from  Orli^ce  —  Co^lBcieBlB  ef  DIs- 
ckarge. — The  fact  of  the  contraction  of  a  jet  or  stream  that  flows 
from  an  orifice  has  already  been  referred  to.  It  is  caused  by  the 
convergence  of  the  particles  towards  the  orifice  before  they  pass 
through  it,  which  convergence  continues  for  a  time  after  the  par- 
ticles pass  the  orifice.  The  result  is,  that  the  effective  area  of  the 
orifice,  or  area  of  the  "  contracted  vein,^  which  is  to  be  used  in  com- 
puting the  discharge,  is  less  than  the  total  area  in  a  proportion 
which  is  called  the  co-efficient  of  coTdrciction, 

Sometimes  it  is  impossible  to  distinguish  between  the  efiect  of 
friction  in  diminishing  the  velocity  (expressed  by  l-j-^l  +  F), 
and  that  of  contraction  in  diminishing  the  area  of  the  stream.  In 
such  cases  the  ratio  in  which  the  actual  discharge  is  less  than  the 
product  of  the  "  theoretical  velocity"  (Article  446,  p.  675)  and  the 
total  area  of  the  orifice,  is  called  the  co-efficient  of  efflux  or  of  dis- 
charge. 

The  quantities  given  in  the  following  statements  and  tables  are 
some  of  them  real  co-efi&cients  of  contraction,  and  some  co-efficients 
of  discharge.  In  hydraulic  formulse,  such  co-efficients  are  usually 
denoted  by  the  symbol  c. 
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In  sharp-^dged  orifices  the  Mction  is  almost  inappredahle  (set? 
Aitide  447,  Case  I.) ;  in  those  with  flat  or  rounded  borden  its 
effects  become  sensible^  and  in  tubes  or  other  r?}i<mn*>la  of  sodb 
length  as  to  guide  all  the  particles  along  their  sides  there  is  no 
contraction,  and  friction  operates  alone  in  diminishing  the  dischaige. 

In  all  the  aharp-edffed  orifices  here  mentioned  the  edge  is  sop- 
posed  to  be  fonne4  at  the  inner  or  up-stream  side  of  the  {date  by 
chamfering  or  bevelling  the  outer  side.  Were  the  inner  side  of  the 
plate  chamfered,  it  would  guide  the  stream,  and  alter  the  contrution 
to  an  uncertain  amount. 

L  Sharp-ed^  circular  orifices  in Jlatplcae$;  c=  -61 8.. ..(1.) 

IL  Sharp-edged  rectangiUar  orifices  in  %>eHioal  fial  plates, — ^Id 
this  case  the  co-efficient  depends  partly  on  the  proportions  of  the 
dimensions  of  the  orifice  to  each  other,  and  partljon  the  proportion 
borne  by  the  breadth  of  the  orifice  to  the  charge  <sc  head.  The  co- 
efficient is  intended  to  be  used  in  the  following  formula  for  the 
dischaige  in  cubic  feet  per  second,  A  being  the  area  of  the  orifice 
in  square  feet ;  and  h  the  head,  measured  from  the  centre  of  the 
orifice  to  the  level  qfsUU  icater, 

Q=  8-025cA  JK (2.) 

The  co-efficients  are  given  on  the  authority  of  experiments  of 
Poncelet  and  Lesbros  on  orifices  about  S  inches  wid&  They  have 
not  been  reduced  to  a  general  formula. 

Co-EFFICIENIS  OF  DiSCHABGIB  FOR  RbCTANGULAB  OrIFICES. 
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The  oo-effioientB  in  the  preceding  table  include  a  correction  for 
the  error  oocaaioned  by  measuring  the  head  from  the  osnirre  of  the 
orifice  instead  of  &om  the  point  where  the  mean  velocity  occurs, 
which  is  somewhat  above  the  centre.  That  correction  is  in- 
appreciable when  the  head  exceeds  3  times  the  height  of  the  orifice. 

III.  Sharp-edged  rectangula/r  notches  (or  orifices  extending  up  to 
the  surface)  in  JUu  vertical  weir  hoards, — ^The  area  of  the  orifice  is 
measured  up  to  the  leod  ofstiU  vxxter  in  the  pond  behind  the  weir. 

Let  b  =  breadth  of  the  notch ; 

B  =  total  breadth  of  the  weir;  then 

'=''+m' <^> 

provided  6  is  not  less  than  B  -^  4. 

rV.  Sharp-edged  triangtda/r  or  Y-shaped  notches  in  fiat  vertical 
weir  howrds  (fix)m  experiments  by  Professor  James  Thomson.) — ^Area 
measured  up  to  the  level  of  still  water. 

Breadth  of  notch  =  depth  X  2;  c  =  -595; ) 

Breadth  of  notch  =  depth  X  4 ;  c  =  -620.  | 

V.  Partially-contracted  sharp-edged  orifice,  (That  is  to  say,  an 
orifice  towards  part  of  the  edge  of  which  the  water  is  guided  in  a 
direct  course,  owing  to  the  border  of  the  channel  of  approach  partly 
coinciding  with  the  edge  of  the  orifice). 

Let  c  be  the  ordinary  co-efficient; 

n,  the  fi-action  of  the  edge  of  the  orifice  which  coincides  with 

the  border  of  the  channel ; 
c,  the  modified  co-efficient;  then 

d:=:C'k'  <^n (6.) 

VI.  FUtt  or  rownd-topped  weir,  area  measured  up  to  the  level  of 
still  water — 

<5  =  '5  nearly (6.) 


YII.  Sluice  in  a  rectangular  channel — 
vertical;  c  =  0*7; 
Inclined  backwards  to  the  horizon 


•7;  •( 

>nat60^;  c  =  0-74;  V(7.; 
at  45^;  c  =  0-8.    j 


VIH.  Incomplete  contraction;  see  Article  477,  Division  III., 
p.  677. 

449.   DlMlmfve    from    Terilcal   Oriflccs,   N^tclics,   and   Slniccs. — 

When  the  height  of  an  orifice  in  the  vertical  side  of  a  reservoir 
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does  not  exceed  about  one-half  or  one-third  of  its  depth  bdow  the 
Rurfiice,  tlie  head  measured  from  the  centre  of  the  orifice  to  the 
level  of  still  water  may  be  used,  without  sensible  error,  to  compute 
the  mean  velocity  of  a  flow,  and  the  discharge ;  so  that  the  formuk 
for  the  dischai^  is 

Q  =  8-025  c  A  v^; (1.) 

A  being  the  total  area  of  the  orifice,  and  c  the  proper  co-eflicient  ci 
contraction. 

When  the  height  of  the  orifice  exceeds  about  one-half  of 
the  head  of  water,  and  especially  when  the  orifice  is  a  fwidi 
extending  to  the  surface,  it  is  not  sufficiently  accurate  to  measure 
the  head  simply  from  the  level  of  still  water  to  the  centre  of 
the  orifice ;  but  the  area  of  the  orifice  is  to  be  conceived  as  divided 
into  a  number  of  horizontal  bands,  the  area  of  each  ssiuch  band 
multiplied  by  the  velocity  due  to  its  depth  below  the  surfiu»  of  stall 
water,  the  products  summed  or  integrated,  and  the  sum  or  integral 
multiplied  by  a  suitable  co-efficient  of  contraction. 

To  express  this  in  symbols,  let  b  be  the  breadth,  d  h  the  height 
of  one  of  the  horizontal  bands,  so  that  6  ef  A  is  its  area;  k,  the 
depth  of  its  centre  below  the  level  of  the  surface  of  still  water  in 
the  reservoir ;  h^  the  depth  of  the  upper  edge  of  the  orifice,  and  /#j 
that  of  its  lower  edge,  below  the  same  level ;  c,  the  co-efficient  of 
contraction;  Q,  the  discharge  in  cubic  feet  per  second;  then 


Q  =  8-025  cl^^hJh'dK (2.) 


For  co-efficients  of  contraction,  see  Article  448, 
The  following  are  the  most  important  cases  :— 
I.  Rectangular  orifice;  h  =  constant. 

Q  =  8025  c  X  I  6  (Aj^*  —  v)  =  5-35  c  6  (h^  —  Ap') .  (3.) 

It  is  seldom  necessary  to  use  this  formula  in  practice;  for  the  co- 
efficients in  the  table  by  Poncelet  and  Lesbros  (see  p.  680)  compre- 
hend, as  has  been  stated,  the  correction  for  the  error  arising  from 
using  the  head  at  the  centre  of  the  orifice  simply^  as  in  equation  1. 

IL  Rectangular  notch^  toitk  a  etUI  pond;  b  =  constant,  A^  =  0; 
?$i  measured  from  the  lower  edge  of  the  notch  to  the  level  of  still 
water. 


Q  =  8-025  e  X  |  6 Ai*=  5-35  ebh^^ 
=  (3-05  + -535!)  6  A^' 


.(4) 
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The  last  expression  is  founded  on  the  formula  for  the  co-efficient 
c,  given  in  Article  448,  Division  III.,  p.  681,  B  being  the  whole 
breadth  of  the  weir. 

Table  of  Values  of  c  and  5  35  c. 

-o, I'o      o'9      0-8      07       0-6      05      0-4       0*3      0-25 

Cy -67       '66      -65       '64       -63       '62      -61       '60      '595 

6'35c,    3*58    353    3*48    342     337     332    3-26    321     318 

The  cube  of  the  square  root  of  the  head,  h^y  is  easily  computed  as 
follows,  by  the  aid  of  an  ordinary  table  of  squares  and  cubes :  look 
in  the  column  of  squares  for  the  nearest  square  to  h^\  then  op- 
posite, in  the  column  of  cubes,  will  be  an  approximate  value 

of  hfi. 

III.  EectangiUa/r  notch,  wUh  current  approaching  U, — When 
still  water  cannot  be  found,  to  measure  the  head  /^  ^P  ^^f  ^^^  "^o 
denote  the  velocity  of  the  current  at  the  point  up  to  which  the  head 
is  measured,  or  vdocUy  of  approach :  compute  the  height  due  to  that 
velocity  as  follows : — 

Ao  =  t«^644; 

then  the  flow  is  the  difference  between  that  from  a  still  pond 
due  to  the  height  h^  +  h^  and  that  due  to  the  height  A^j  so  that  it 
is  given  by  the  formula 

Q  =  5-35  cb{{h,  +  Ao)»  -  h^i} (5.) 

When  Vq  cannot  be  directly  measured,  it  can  be  computed  ap- 
proximately by  taking  an  approximate  value  of  Q  from  equation  4, 
and  dividing  by  the  sectional  area  of  the  channel  at  the  place  up  to 
which  the  head  is  measured  from  the  lower  edge  of  the  notcL 

IV.  Triangular  or  y -shaped  notch,  with  a  still  pond;  h^  measured 
from  the  apex  of  the  triangle  to  the  level  of  still  water. 

Let  a  denote  the  ratio  of  the  half-breadth  of  the  notch  at  any 
given  level  to  the  height  above  the  apex,  so  that,  for  example,  at 
the  level  of  still  water,  the  whole  breadth  of  the  notch  is  2  a  h^. 

Q  =  8-025  c  X  j|  a^4  =  4-28  c  a  h^, (6.) 

and  adopting  the  values  of  c  already  given  in  Article  448,  p.  681, 
we  have, 

for  a  =  1 ;  Q  =  2-54  h^^', (6  a.) 

for  a  =  2;  Q  =  5-3  h^^ (6  a) 
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In  the  absence  of  sufficiently  extensiTe  tables  of  squares  and 
fifth  powers,  the  best  method  of  computing  the  fifth  power  of  the 
square  root  of  the  head  is  hy  the  aid  of  logarithms. 

V.  Draumed  orifices  are  those  which  are  below  the  level  of  the 
water  in  the  space  into  which  the  water  flows  as  well  as  in  that 
from  which  it  flows.  In  such  cases  the  difference  of  the  levels  of 
still  water  in  those  two  spaces  is  the  head  to  be  used  in  computing 
the  flow. 

YI.  Drowned  rectangula/r  notch, — Let  h,  and  h^  be  the  heights 
of  the  still  water  above  the  lower  edge  of  the  notch  at  the  up- 
stream and  down-stream  sides  of  the  notch-board  respectively;  the 
following  formula  gives  the  flow  in  cubic  feet  per  second : — 

Q  =  5-35  c  6  (Ai+|)  ^/  (Ai-M (7.) 

VII.  For  weirs  tmth  broad  flat  crests,  drowned  or  undrowned, 
the  formulffi  are  the  same  as  for  rectangular  notches,  except  that 
the  co-efficient  c  is  about  '5,  as  has  been  stated. 

VIIL  CompiUaiion  of  the  dimensums  of  orifi^ces. — ^The  whole  of 
the  preceding  formulsB  (with  the  exception  of  equations  5  and  7) 
can  easily  be  used  in  an  inverse  form,  in  order  to  find  the  dimen- 
sions of  orifices  that  are  required  to  dischaige  given  volumes  of 
water  per  second. 

For  example,  if  equation  1  is  applicable,  we  have  for  the  ai«i  of 
the  orifice, 

A  =  Q  ^  8-025  c  ^/A^. (a) 

J£  equation  3  is  applicable,  the  breadth  of  the  orifice  is  given  as 
follows : — 

6  ==  Q  ^  5-35  c  {h^i  —  h^iy (9.) 

If  equation  4  is  applicable,  the  depth  of  the  bottom  of  the  notch 
below  still  water  is  given  by  the  equation, 

A^={q  ^  6-35  c6}t; (10.) 

if  equation  6  is  applicable, 

hi={Q^  i28ca}i (11.) 

IX  Sluices. — The  opening  of  a  sluice  generally  acts  as  a  rect- 
angular orifice,  drowned  or  undrowned  as  the  case  may  be;  the 
value  of  c  being  as  given  in  Article  448,  p.  681. 

450.   C«mpataU«a  •£  lk«  Oiacharge  mmd  Dlanelcn  •€  PtpMi — ^The 

loss  of  head  by  a  stream  of  the  velocity  t;  in  traversing  the  Icngtli 
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Z  of  a  pipe  of  the  uniform  diameter  d  is  given  by  the  following 
formula,  deduced  from  equations  8  and  10  of  Article  447,  by  putting 
c^  -H  4  for  the  hydraulic  mean  depth  m : — 

1      4/^      «2         ru,,...'0l72\  I      v^  ... 

^=-r-6f4  =  (-^^^^+-;y7h'64^ <1-) 

From  this  equation  are  deduced  the  solutions  of  the  following 
problems : — 

L  To  comptUe  the  discharge  of  a  given  pipe;  the  data  being  h,  I, 
and  df  all  in  feet. 

Assume  an  approximate  value  for  4  /.  The  value  commonly 
assumed  in  the  firat  instance  is, 

•0258. 

This  gives,  as  a  first  approximation  to  the  velocity. 


,/=8O25>^_^^  =  50Vx; (2.) 

or,  a  mean  proportional  between  the  diameter  and  the  loss  of  head  in 
2,500  feet  of  length.  With  this  velocity  calculate  a  new  value  of 
4/,  which  is  to  be  used  in  computing  a  second  approxiTnation  to  the 
velocity,  by  means  of  the  formula, 

«  =  8025y^^^; (3.) 

and  this  is  in  almost  every  case  near  enough  to  the  truth  for 
practical  purposes.     Then  the  discharge  is  given  by  the  formula, 

Q  =  -7854  V  d?- (4.) 

\JL  first  approximation  to  the  discharge  is  given  by  the  following 
formula, 

Q!  =  -7854  t/  cP  =  39-27  \/  ^ '  (i*. (4  a.)] 

II.  To  find  (in  feet)  the  diameter  d  of  a  pipe,  so  that  it  shall 
deliver  Q  cubic/eet  o/waterper  second,  wUh  a  loss  of  head  at  therate 
of  \  fed  in  each  length  of  I  feet. 

Supposing  the  value  of  4 /known, 

Mum'- <»■> 

But  4  /  depends  on  the  velocity,  which  itself  depends  on  the 
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clkmeter  sought  ABsume,  as  a  fiist  approximatioii,  4  /  =  -0258. 
Then  compute  d^Jirtt  approximation  to  the  diameter  by  the  following 
fonnula: — 

^  =  0-23ff)*; (6.) 

also  9kjirti  approximaticn  to  the  velocity  by  the  formula, 

«^  =  Q  ^  -7854  en. (7.) 

From  these  data,  by  means  of  equation  1  of  this  Article,  compote 
an  approximate  lose  of  heady  h\  If  this  agrees  exactly  or  vw 
nearly  with  the  given  loss  of  head,  A,  the  first  approximation  to  tli^ 
diameter  is  sufficient ;  if  not,  a  corrected  diameter  is  to  be  found  bv 
the  following  fonnula ; — 

— ©*=--G+/D <^) 

In  the  preceding  formulas  the  pipe  is  supposed  to  be  free  from 
all  curves  and  bends  so  sharp  as  to  produce  appreciable  resistance. 
Should  such  obstructions  occur  in  its  course,  they  may  be  allowed  for 
in  the  following  manner : — Having  first  computed  the  diamettt-  of 
the  pipe  as  for  a  straight  course,  calculate  the  additional  loss  of 
head  due  to  curves  by  the  proper  formula  (Article  447,  p.  678);  let 
A'  denote  that  additional  loss  of  head ;  then  make  a  further  coi^ 
rectiou  of  the  diameter  of  the  pipe,  by  increasing  it  in  the  ratio  of 

i+*i=i (»•> 

By  a  similar  process  an  allowance  may  be  made  for  the  loss  of 
head  on  first  entering  the  pipe  from  the  reservoir,  viz. : — 

(1  +  F)  r*  -i-  64*4 ;  F  being  the  factor  of  friction  of  the  mouthpiece. 

To  the  diameter  of  a  pipe,  as  computed  by  the  formidse,  an 
addition  is  commonly  made  in  practice,  in  order  to  allow  for 
accidental  obstructions,  for  the  incnistation  of  the  interior  of  the 
pipe,  <S:a  According  to  some  authorities  about  one-sixth  is  to  be 
added  to  the  diameter  of  the  pipe  for  this  purpose ;  but  experience 
seems  to  show  that  in  geneitd  the  incrustation,  if  any,  is  of  equal 
thickness  in  pipes  of  all  diameters  exposed  for  equal  times  to  the 
action  of  the  same  water;  and  therefore  that,  in  a  given  system  of 
water-pipes,  an  equal  absolute  allowance  should  be  niade  for 
possible  incrustation  in  pipes  of  all  diameters.  In  ordinary  cases 
it  appears  that  about  one  inch  is  sufficient  for  that  purpose. 

451.     DIachargc    aad    l^lmcaalMU    •€  CluuiBela.  —  The    rate  of 

declivity  required  for  the  surface  of  the  current  in  an  uniform 


DISCHABQE  OF  (mAJSnXEI&  687 

conduit  or  liver-channel  is  found  by  dividing  the  loss  of  head  h 
(which  is  all  actual  &dl)  by  the  length  I  of  the  channel,  and  is 
expressed  by  the  following  equation,  deduced  from  equation  11  of 
Article  447,  p.  678:— 


I  = 


T  =      *  an  =  I  '^^741  +  —   —  )  •    ,  ,  -  ;  (1.) 
I      m    64-4       \  V      /     64-4  7/1     ^    ' 


tn  being  the  "  hydraulic  mean  deptL"     This  equation  enables  the 
following  problems  to  be  solved : — 

I.  To  compiUe  the  discharge  of  a  given  stream,  the  data  being  t, 
f»,  and  the  sectional  area  A.  The  first  step  is  to  find  the  velocity, 
which  might  be  done  by  means  of  a  quadratic  equation;  but  it  is 
less  laborious  to  find  it  by  successive  approximations.  For  that 
purpose  assume  an  approasimate  value  for  the  co-efficient  of  friction, 
such  as 

/  =  -007565; 

then  ihejirst  approodmation  to  the  velocity  is 

v'  =  8-025  \/;^^~-^^  =  ^/8512tm  =  92-26  JilrT;  (2.) 

or,  a  mean  proportional  betioeen  the  hydraulic  mean  depth  and  the 
fall  in  8,512  feet,     A  first  approximation  to  the  discharge  is 

Q'  =  i/A. : (3.) 

These  first  approximations  are  in  many  cases  sufficiently  accurate. 
To  obtain  second  approximations,  compute  a  corrected  value  of/ 
according  to  the  expression  in  brackets  in  equation  1 ;  should  it 
agree  nearly  or  exactly  with  f,  the  first  assumed  value,  it  is  un- 
necessary to  proceed  further;  should  it  not  so  agree,  correct  the 
values  of  the  velocity  and  discharge  by  multiplying  each  of  them  by 
the  factor, 

3__/L_ (4.) 

2      -01513  ^    ^ 

II.  To  determine  the  dimensions  of  an  uniform  tunnel,  which 
shall  discharge  Q  cid>icfeet  of  water  per  second  wiih  the  declivity  i. 
— To  solve  this  problem,  it  is  necessary,  in  the  first  place,  to 
assume  a  figure  for  the  intended  channel,  so  that  the  proportions  of 
all  its  dimensions  to  each  other,  and  to  the  hydraulic  mean  depth  m, 
may  be  fixed.  This  will  fix  also  the  proportion  A  -j-  m^  of  the 
sectional  area  to  the  square  of  the  hydraulic  mean  depth,  which  will 
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be    known  although  thoee  areas  are  still  unknown;  let  it  be 
denoted  by  n. 

[The  following  are  examples  of  the  values  of  n  Ibr  different 
figures  of  cross-section : — 

for  a  semicircle,  n  =  6*2832 ; 

for  a  half-square,  n  =  8 ; 

for  a  half-hexagon,  w  =  4  n/3  =  6*928 ; 

for  a  section  (proposed  by  Mr.  Neville)  bounded  below  and  at  the 
sides  by  three  straight  lines,  all  tangents  to  one  semicircle 
which  has  its  centre  at  the  water  level,  the  bottom  bebg 
horizontal,  and  the  sides  sloping  at  any  angle  0  (see  fig.  ^&^)\ 


n  =  4  f  cosec  *  +  tan  ^  j. 


In  each  of  the  four  figures  mentioned  above,  m  is  one-half  of  the 
greatest  deptL] 

Compute  a  first  approximaHon  to  the  required  hydraulic  mean 
depth  as  follows :- 


-'  =  (8r5Wi)*' <^) 


also  a  first  approximation  to  the  velocity, 

Q 


«'=«W5; (6-) 


n  m^ 


from  these  data,  by  means  of  equation  1  of  this  article,  compute  an 
approxiTnate  declivity  i'.  If  this  agrees  exactly  or  very  nearly  with 
the  given  declivity,  t,  the  first  approximation  to  the  hydraulic  mean 
depth  is  sufficient;  if  not,  a  corrected  hydraulic  mean  depth  is  to  be 
found  by  the  following  formula : — 


m 


=  -'(^li) t^) 


From  the  hydraulic  mean  depths  all  the  dimensions  of  the  chan- 
nel are  to  be  deduced,  according  to  the  figure  assumed  for  it 
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^32,  Mmwmaimm  t^m^mtmit  hj  m  Welr«— -When  a  weir  OT  dam  is 
erected  across  a  river,  the  following  formuka  serve  to  calculate 
-the  Height  ^j. ,  in  feet,  at  which  the  water  in  the  pond,  dose  behind 
the  Tveir,  will  stand  above  its  crest;  Q  being  the  diachaige  in  cubic 
feet  per  second,  and  b  the  breadth  of  the  weir  in  feet : — 

I.    Weir  not  cbroumed,  with  a  flat  or  slightly  rounded  crest — 


Ai=(^)*» ''early. : (1.) 


II.  Weir  droumed — Let  Aj  be  the  height  of  the  water  in  front  of 
the  weir  above  its  crest. 

First  approodmaiion;  y^  =  ^  +  f^)  (2.) 

SetxmdapproximcUian;  h"^  =  ^'i  -  ^  ( 1  —  7  *  tf  _  t\  (3.) 

Closer  approximations  may  be  obtained  by  repeating  the  last 
calculation. 

453.  iiackwAter  is  the  effect  produced  by  the  elevation  of  the 
water-level  in  the  pond  close  behind  the  weir,  upon  the  surface  of 
the  stream  at  places  still  farther  up  its  channel 

For  a  channel  of  uniform  breadth  and  declivity,  the  following  is 
an  approximate  method  of  determining  the  figure  which  a  given 
elevation  of  the  water  close  behind  a  weir  will  cause  the  surfiaice  of 
the  stream  farther  up  to  assume. 

Let  1  denote  the  rate  of  inclination  of  the  bottom  of  the  stream, 
which  is  also  the  rate  of  inclination  of  its  sur&oe  before  being 
altered  by  the  weir. 

Let  Iq  be  the  natural  depth  of  the  stream,  before  the  erection  of 
the  weir. 

Let  \  be  the  depth  as  altered,  dose  behind  the  weir. 

Let  ^2  be  any  other  depth  in  the  altered  part  of  the  stream. 

It  is  required  to  find  a;,  the  distance  from  the  weir  in  a  direction 
up  the  stream  at  which  the  altered  depth  ).  will  be  foimd. 

Denote  the  ratio  in  which  the  depth  is  altered  at  any  point  by 

and  let  ^  denote  the  following  function  of  that  ratio : — 


»  = /?nrT  =  ^yi^  log- ( 1  +  (T^Tp} 


1  ,       2r+ 1 

2t 


.(!•) 
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A  oonvenient  approximate  formula  for  oompuliDg  ^  is  as  f(^ovs :— 


^nearly  =^^^  +  ^^+^5. 


.(1. 


Compute  the  values,  ^^  and  0^  of  this  function, 
the  ratios 


tu 


Then 


^1  =  >i  -4-  \  and  rj  =  Jj  ^  l^ 
The  following  table  gives  some  values  of  ^ : — 


.(^) 


r  1> 

I*0  00 

IT  -680 

1*2  -480 

1*3  '31^ 

1*4  304 

IS  255 

1-6  218 

17  T89 


r  • 

1-8  166 

19  147 

2-0  T32 

2*2  TO7 

2*4  '089 

2-6  "076 

2-8  1065 

30  'os6 


The  first  term  in  the  right-hand  side  of  the  formula  2  is  the  dis- 
tance back  from  the  weir  at  which  the  depth  l^  would  be  found  ii' 
the  surface  of  the  water  were  level      The  second  term  is  thr 
additional   distance   arising  from  the  declivity  of   that  sui£sm>- 
towards  the  weir.     The  constant  264  is  an  approximation  to  2  -r-f, 
/being  the  co-efficient  of  friction.     For  a  natural  declivity  of  1  in 
264  the  second  term  vanishes.      For  a  steeper  declivity  it  becomes 
negative,  indicating  that  the  surface  of  the  water  rises  towards  thr 
weir;  but  although  that  rise  really  takes  place  in  such  cases,  the 
agreement  of  its  true  amount  with  that  given  by  the  formula  l« 
somewhat  uncertain,  inasmuch  as  the  formula  involves  assumptioDs 
which  are  less  exact  for  steep  than  for  moderate  natural  dediviues. 
It  is  beat,  therefore,  in  cases  of  natural  declivities  steeper  than  1 
in  264,  to  compute  the  extent  of  backwater  simply  from  the  first 
term  of  the  formula. 

454.  SiMam  •€  VMcqma  Secttoaa. — The  preceding  rule  for  deter- 
mining the  figure  and  extent  of  backwater  is  the  solution  of  a 
particular  case  of  the  following  general  problem : — Given  the  form  or' 
the  bed  of  a  stream,  the  discharge  Q,  and  the  wcUer-levd  at  one  mm- 
eection;  to  find  the  form  assumed  by  the  surface  of  Hie  wakr  ta  an 
up-stream  direction  from  that  cross-section. 
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In  this  case  the  loss  of  head  between  any  two  cross-sections  is  the 
sum  of  that  expended  in  overcoming  friction,  and  of  that  due  to 
change  of  velocity,  when  the  velocity  increases,  or  the  difference  of 
those  two  quantities  when  the  velocity  diminishes,  which  difference 
may  be  positive  or  negative,  and  may  represent  either  a  loss  or  a 
gain  of  head.  In  parts  of  the  stream  where  the  difference  is 
negative,  the  sur£EU3e  slopes  the  reverse  way.  In  fig.  289,  let  O  Z  be 
the  vertical  plane  of  the  cross- 
section  at  which  the  water- 
level  is  given;  let  horizontal 
abscissse,  such  as  O  X  =  a;,  be 
measured  against  the  direction 
of  flow,  and  vertical  ordinates 
to  the  surface  of  the  stream, 
such  as  X  B  =  2;,  upwards  from 
a  horizontal  datum  plana  Con- 
sider any  indefinitely  short 
portion  of  the  stream  whose 
length  is  d  a;,  hydraulic  mean 
depth  m,  and  area  of  section  A.  The  isXL  in  that  portion  of  the 
stream  is  d  Zy  and  the  acceleration  —  d  v,  because  of  v  being 
opposite  to  x.     Then, 

vdv     fdx      t^ 
3M  '^  ~^r  '  644* 


Fig.  289. 


dz=- 


.(1.) 


In  applying  this  differential  equation  to  the  solution  of  any  parti- 
cular problem,  for  t;  is  to  be  put  Q  -^  A,  and  for  A  and  m  are  to  be 
put  their  values  in  terms  of  x  and  z.  Thus  is  obtained  a  dif- 
erential  equation  between  x  and  z,  and  the  constant  quantity,  Q, 
which  equation,  being  integrated,  gives  the  relation  between  x  and 
z,  the  co-ordinates  of  the  surface  of  the  stream. 

4:55,  The  Time  •€  Emptying  n  BcMiroir  is  determined  by  con- 
ceiving it  to  be  divided  into  thin  horizontal  layers  at  different 
heights  above  the  outlet,  findiug  the  velocity  of  discharge  for  each 
layer,  and  thence  the  time  of  discharge,  and  summing  or  integrating 
the  results. 

Let  8  be  the  area  of  any  given  layer,  dhii»  depth,  A  the  effective 
area  of  the  outlet,  k  the  height  of  the  layer  above  the  outlet;  then 
the  velocity  of  outflow  for  that  layer  is  C  sfh,  C  being  a  multiplier 
taken  from  the  proper  formula  in  Articles  449,  450,  or  451.  The 
time  of  discharge  of  the  layer  is 

^'-w»' <••> 

and  if  ^  be  the  height  of  the  top  water,  the  whole  time  is, 
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'-A^/r^* ■<^> 

One  of  tbe  most  convenient  ways  of  expreflsiDg  this  raolt  is  to 
■kftte  the  ntio  which  the  time  of  emptying  bears  to  the  time  of  db- 
ohaiging  a  quantity  of  water  equal  to  the  ocmtents  of  the  leati  toil 

(that  ia^  f  ^  8  d  h\  supposing  it  kept  always  fulL    Let  tiiat  time 

be  called  T;  its  value  is  T  =   f^^sdh-ir  AG  J^,  and  tint  of 
the  required  ratio  is 

T  =  ^i.  VA^/o"'*' •<^> 

The  following  are  examples : — 

Beservoir  with  vertical  sides  (*  =  constant) ;  I  -=-  T  =  2. 

Wedge-shaped  reservoir  («  =  constant  XA)jt-5-T  =  l^ 

Pyramidal  reservoir,  the  base  of  the  pyramid 
being  the  sorfiice,  the  apex  at  the  outlet 
(*  =  constant  XA«); <h-T=  IJ. 

The  division  of  the  reservoir  into  layers  may  be  facilitated  by  a 
plan  with  contour-lines  at  a  series  of  dUSTerent  levela 

The  time  reqiiired  to  empty  part  of  a  reservoir  is  found  by  com- 
puting the  time  required  to  empty  the  whole,  and  subtracting  fiom 
it  the  time  which  would  be  required  to  emp^  the  remaining  part 

The  time  required  to  eqtuUize  the  hod  of^  water  in  two  adjoin- 
ing basins  with  vertical  sides  (such  as  lock-chambers  on  caiuds), 
idien  a  communication  is  opened  between  them  under  water,  is  ^e 
same  with  that  required*  to  empty  a  vertical-sided  reservoir  of  a 
volume  equal  to  the  volume  of  water  troMferred  between  the 
chambers,  and  of  a  depth  equal  to  their  greatest  difference  of  level 

Section  IL — Of  the  Measfwrement  and  Eoimation  of  Water. 

456.   SMTCics^rWaMrteOflMnd— B«l»4UI,TMal  md  AvaOiMe. 

— ^The  Qriginal  source  of  all  supplies  of  water  is  the  lain-falL  The 
rain-wato*  which  escapes  evaporation  and  absorption  by  vegetables 
either  runs  directly  from  the  surfiaice  of  the  ground  or  from  ^e  pores 
of  the  surface-soil  into  etreamSy  or  it  sinks  deeper  into  the  ground, 
flows  through  the  crevices  of  porous  strata,  and  escapes  at  their 
out-crop  in  gprifiga,  or  collects  in  such  porous  strata,  fiom  which  it 
is  drawn  by  means  of  wells. 
In  what  manner  soever  the  water  is  collected,  and  whether  it  is 
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to  be  lued  for  irrigation,  for  driving  machinery,  for  feeding  a  canaly 
or  for  the  supply  of  a  town,  or  to  be  got  rid  of  as  in  wor^  of  mere 
drainage,  the  measurement  of  the  rain-fall  of  the  district  whence 
it  comes  is  of  primary  importance.  To  complete  that  measurement 
two  kinds  of  data  are  required, — ^the  area  of  the  district,  called  the 
dramage  orao,  or  oo^cAmen^deMtn,  or  g<Uhming-grimnd;  and  the 
depth  of  rain-fitll  in  a  given  time. 

L  A  Drainage  Area,  or  Catckment-bcism,  is,  in  almost  every  case, 
a  district  of  country  enclosed  by  a  ridge  or  vxUer-shed  line  (see 
Article  58,  p.  93),  continuous  except  at  the  place  where  the  waters 
of  the  basin  find  an  outlet  It  may  be,  and  generally  is,  divided  by 
branch  ridge-lines  into  a  number  of  smaller  basins,  each  drained  by 
its  own  stream  into  the  main  stream.  In  order  to  measure  the 
area  of  a  catchment-basin  a  plan  of  the  country  is  required,  which 
either  shows  the  ridge-lines  or  gives  data  for  finding  their  positions 
by  means  of  detached  levels,  or  of  contour-lines.  (Article  59,  p.  95.) 

When  a  catchment-basin  is  very  extensive  it  is  advisable  to  mea- 
sure the  several  smaller  basins  of  which  it  consists,  as  the  depths  of 
rain-fisdl  in  them  may  be  different;  and  sometimes,  also,  for  the 
same  reason,  to  divide  those  basins  into  portions  at  different  dis- 
tances from  the  moimtain-chains,  where  rain-clouds  are  chiefly 
formed 

The  exceptional  cases,  in  which  the  boundary  of  a  drainage  area 
is  not  a  ridge-line  qn  the  sur&oe  of  the  country,  are  those  in  which 
the  rain-water  sinks  into  a  porous  stratum  until  its  descent  is 
stopped  by  an  impervious  stratum,  and  in  which,  consequently,  one 
boundary  at  least  of  the  drainage  area  depends  on  the  Agare  of  the 
impervious  stratum,  being,  in  fact,  a  ridge-line  on  the  upper  sur&ce 
of  that  stratum,  instead  of  on  the  ground,  and  very  often  marking 
the  upper  edge  of  the  outcrop  of  that  stratum.  If  the  porous 
stratum  is  partly  covered  by  a  second  impervious  stratum,  the 
nearest  ridge-line  on  the  latter  stratum  to  the  point  where  the 
porous  stratum  crops  out,  will  be  another  boundary  of  the  drainage 
area.  In  order  to  determine  a  drainage  area  under  these  circum- 
stances it  is  necessary  to  have  a  geological  map  and  sections  of  the 
district. 

II.  The  Depih  of  Eam-faU  in  a  given  time  varies  to  a  great 
extent  at  different  seasons,  in  different  years,  and  in  different  places. 
The  extreme  limits  of  annual  depth  of  rain-fiBdl  in  different  parts  of 
the  world  may  be  held  to  be  respectively  nothing  and  150  inches. 
The  average  annual  depth  of  rain-fall  in  different  parts  of  Britain 
ranges  from  22  inches  to  140  inches,  and  the  least  annual  depth 
recorded  in  Britain  is  about  15  inches. 

The  rain-fiEdl  in  different  parts  of  a  given  country  is,  in  general, 
greatest  in  those  districts  which  lie  towards  the  quarter  from  which 
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the  prevailing  winds  blow;  in  Britain,  for  example,  the  western 
districts  are  the  most  rainy.  Upon  a  given  mountain-ridge,  however, 
the  reverse  is  the  case,  the  greatest  rain-£Gtll  taking  place  on  that 
side  which  lies  to  leeward,  as  regards  the  prevailing  winds :  thus, 
in  Britain,  more  rain  £ei11s  in  general  on  the  eastern  than  on  the 
western  slope  of  a  range  of  hills.  The  cause  of  this  is  probably  the 
&ct  that  the  condensation  of  wateiy  vapour  in  the  atmosphere  into 
rain-clouds  arises  in  general  from  the  asoent  of  moist  and  warm  air 
up  the  slopes  of  mountains  into  a  cold  region;  the  clouds  thus 
formed  are  drifted  by  the  wind  to  the  leeward  side  of  the  moun- 
tains, and  there  fall  in  rain.  To  the  same  cause  may  be  ascribed 
the  £BLct  that  the  rain-fall  is  greater  in  mountainous  than  in  flat 
districts,  and  greater  at  points  near  high  mountain-summits  than 
at  points  further  from  them. 

The  elevation  of  the  locality  where  the  rain-^l  is  measured  does 
not  appear  materially  to  affect  the  depth,  except  in  so  far  as  eleva- 
tion is  an  usual  accompaniment  of  nearness  to  a  mountain-chain. 

A  vast  amount  of  detailed  information  has  been  collected  &s  to 
the  depth  of  rain-fall  in  different  places  at  different  times;  but 
there  does  not  yet  exist  any  theoiy  from  which  a  probable  estumate 
of  the  rain-fall  in  a  given  district  can  be  deduced  independently  of 
direct  observation. 

The  most  important  tdata  respecting  the  depth  of  rain-fall  in  a 
given  district,  for  practical  purposes,  are  the  following : — 

(1.)  The  least  annual  rain-falL 

^2.^  The  mean  annual  rain-fall. 

(3.)  The  greatest  annual  rain-fall. 

(4.)  The  tiistribution  of  the  rain-fall  at  different  seasons,  and. 

especially,  the  longest  continuous  drought 
(5.)  The  greatest  flood  rain-&ll,  or  continuous  fall  of  rain  in  a 

short  period. 

The  order  of  importance  of  these  data  depends  on  the  purpose  of 
the  proposed  work.  If  it  is  one  of  water-supply,  the  least  annual 
rain-fall  and  the  longest  drought  are  the  most  important  data;  if 
it  is  a  work  of  drainage,  the  greatest  annual  rain-fall  and  the  greats 
flood  are  the  most  important 

Experience  shows  that  to  obtain  those  data  completdj  and 
exactly  for  a  given  district  requires  at  least  20  years  of  daily  rain- 
gauge  observations,  if  not  more.  But  it  very  seldom  happens  that 
so  long  a  series  of  observations  has  been  made  in  the  precise  spots  to 
which  the  inquiries  of  the  engineer  are  directed,  and  in  the  absence 
of  such  records  he  may  proceed  as  follows : — 

(1.)  Obtain  a  copy  of  the  records  of  the  observations  made  at  the 
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nearest  station  where  the  rain-fall  has  been  observed  for  a  long 
series  of  years,  and  from  them  ascertain  the  longest  drought,  and 
compute  the  mean  annual  rain-fall  at  that  station,  the  greatest  and 
least  annual  rain-fall,  the  greatest  flood  rain-fall,  &c.  The  station 
in  question  may  be  called  the  "  standard  station." 

(2.)  Establish  rain-gauges  in  the  district  to  be  examined,  at  places 
which  may  be  called  the  "  catchment  stations,"  and  have  them 
observed  daily  by  trustworthy  persons,  taking  care  to  obtain  a  copy 
of  the  records  of  the  observations  made  at  the  same  time  at  the 
standard  station ;  and  let  that  series  of  simultaneous  observations 
be  carried  on  aa  long  as  possible. 

(3.)  Compute  from  those  simultaneous  observations  the  proper^ 
tions  borne  to  the  rain-fall  at  the  standard  station  by  the  rain-Ml 
in  the  same  time  at  the  several  catchment  stations;  multiply  the 
greatest,  least,  and  mean  annual  depths  of  rain-fidl,  the  greatest 
ilood,  6ai.,  at  the  standard  station  by  those  proportions,  and  the 
results  will  give  probable  values  of  the  corresponding  quantities  at 
the  catchment  stations. 

The  positions  of  the  catchment  rain-gauge  stations  must,  to  a 
considerable  extent,  be  regulated  by  the  practicability  of  having 
them  observed  once  a-day;  but  they  should,  as  far  as  practicable, 
be  distributed  uniformly  over  the  gathering-gi-ound.  K  it  consists 
of  a  number  of  branch  basins,  there  should,  if  possible,  be  one  or 
more  rain-gauges  in  each  of  them.  If  it  is  bounded  or  traversed  by 
high  hills,  some  gauges  should  be  placed  on  or  near  their  summits, 
and  others  at  different  distances  from  them. 

Each  rain-gauge  should  be  plaoed  in  an  open  situation,  that  it 
may  not  be  screened  by  rocks,  walls,  trees,  hedges,  or^other  objects. 
Its  mouth  should  be  as  near  the  level  of  the  ground  as  is  consistent 
with  security.  It  may  be  surrounded  with  an  open  timber  pr  wire 
fence  to  protect  it  from  cattle  and  sheep. 

A  lain-gauge  for  use  in  the  field  consists,  in  general,  of  a  conical 
funnel,  with  a  vertical  cylindrical  rim,  very  accurately  formed  to  a 
prescribed  diameter,  such  as  10  or  12  inches,  and  a  collecting  vessel 
for  the  water,  usually  cylindrical,  and  smaller  in  area  than  the 
mouth  of  the  funnel  If  this  vessel  is  to  be  used  as  a  measuring 
vessel  also,  the  ratio  of  its  area  to  that  of  the  mouth  of  the  funnel 
is  accurately  ascertained,  and  the  depth  at  which  the  water  stands 
in  it  is  shown  by  means  of  a  float  with  a  graduated  brass  stem 
rising  above  the  mouth  of  the  gauge.  Sometimes  the  rain  collected 
is  measured  by  being  poured  into  a  graduated  glass  measure,  which 
the  observer  carries  in  a  case.  The  most  accurate  method  of  gra- 
duating the  measure  is  by  putting  known  weights  of  water  into  it, 
and  marking  the  height  at  which  they  stand  (as  recommended  by 
Mr.  Haskoll  in  his  Engineering  Field-  Work),    In  performing  this 
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ilie  wei^t  of  a  cubio  inch  of  pore  water,  at  62°  Fafar^  wtj 
taken  aa 

352*6  graina* 

The  glaas  meamire  may  eiiher  be  graduated  to  cubic  indies^ 
which)  being  divided  by  the  area  of  the  funnel  in  square  incJus, 
will  give  the  depth  of  rain-£ftU  in  inches;  or  it  may  be  graduated 
to  show  at  onoe  inches  of  rain-&Il  in  a  funnel  of  the  area  empbyed. 

Observations  of  rain-fidl  in  the  field  are  usually  reoiMded  to  two 
decimal  pUces  of  an  incL 

It  may  be  stated  as  a  result  of  experience,  that  the  ]»opartioiis  of 
the  least,  mean,  and  greatest  annual  rain-Ml  at  a  given  sp&t  usually 
lie  between  those  of  the  numbers  2,  3,  and  4,  and  those  of  the  nmn- 
beiB  4,  5,  and  6. 

III.  The  Afxnlable  Rain-faU  of  a  district  is  that  part  of  the 
total  rain-fidl  which  remains  to  be  stored  in  reservoirs,  or  cazried 
away  by  streams,  after  deducting  the  loss  through  eraporatkiiD, 
through  permanent  absorption  by  plants  and  by  the  ground,  && 

The  proportion  borne  by  the  available  to  the  total  Tain-fall  vaiies 
very  much,  being  affected  by  the  rapidity  of  the  rain-&ll  and  the 
compactness  or  porosity  of  the  soil,  iiie  steepness  or  flatxiess  of  the 
ground,  the  nature  and  quantity  of  the  v^^etation  upon  it,  the 
temperature  and  moisture  of  the  air,  the  existence  of  artilLesai 
drains,  and  other  circumstances.     The  following  are  examples : — 

Avaflable  BaiD-IUL 
Groand.  -^ 

Total] 


Steep  surfaces  of  granite,  gneiss,  and  slate,  nearly  i 

Moorland  and  hilly  pasture, from   *8  to  ^ 

F^tt  cultivated  country, finom   *5  to  *4 

Chalk, o 

Deep-seated  springs  and  wells  give  from  '3  to  '4  of  the  total 
raLn-fialL 

Such  data  as  the  above  may  be  used  in  roughly  estimating  the 
probable  available  rain-fall  of  a  district;  but  a  much  m<»re  accurate 
and  satisfactory  method  is  to  measure  the  actual  discharge  of  the 
streams  at  the  same  time  that  the  rain-gauge  observations  are  made, 
and  so  to  find  the  actual  proportion  of  available  to  total  rain-&IL 

457.  MiaiMiiMiMt  mmd  Mmimaakam  mftkm  Ftow  9imnmamm — ^Theie 

*  This  is  dedooed  finom  the  value  already  given  in  p.  161  for  the  wa^lit  eCa  cabie 
foot  of  pore  water  at  62°  Fahr.,  yiz^  62 '865  Iba.  avoirdopois,  or  436,495  graias. 
That  valae  is  based  on  data  given  in  Professor  Miller's  paper  on  the  **  StsiHisrd 
Pound"  (PhShwpkieal  Tranaaetums,  1856);  it  diflen  aUgfatly  fi«m  that  Ibnaoiy 
Axed  bj  sutnte  but  ainoe  abolished. 
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are  three  methods  of  meagaring  the  discharge  of  a  stream — hj  weir- 
gauges,  hj  current  meters,  and  by  calculation  from  the  dimensions 
and  declivity. 

I.  The  use  of  Weir-ffougea  is  the  most  accurate  method,  but  it 
is  applicable  to  small  streams  only.  The  weir  is  constructed  across 
the  stream  so  as  to  dam  up  a  nearly  still  pond  of  water  behind  it, 
&om  which  the  whole  flow  of  the  stream  escapes  through  a  notch 
or  other  suitable  sharp-edged  orifice  in  a  vertical  plate  or  board,  the 
elevation  of  still  or  nearly  still  water  being  observed  on  a  vertical 
scale  in  the  pond,  whose  zero-point  is  on  a  level  with  the  bottom  of 
the  notch,  or  with  the  centre  of  a  round  or  rectangular  orifice.  For 
the  laws  of  the  discharge  of  water  through  vertical  orifices,  see 
Article  449,  p.  681. 

For  streams  of  very  variable  flow,  it  appears  from  the  experi- 
ments of  Mr.  James  Thomson,  that  the  right-angled  triangular  notch 
is  the  best  form  of  orifice  (see  Report8  of  the  BriHeh  Asaociaiion  for 
1861),  as  it  measures  large  and  small  quantities  with  equal  preci- 
sion, and  has  a  sensibly  constant  co-efficient  of  contraction.  Where 
one  such  notch  is  insufficient,  he  recommends  the  use  of  a  row  of 
them.  The  pond  may  have  a  flat  floor  of  planks,  on  a  level  with 
the  bottom  of  the  triangular  notch. 

When  orifices  wholly  immersed  are  used,  round  or  square  holes 
are  the  best,  because  their  co-efficients  of  contraction  vary  less  than 
those  of  oblong  holes  (see  p.  680).  If  one  round  or  square  hole  is 
insufficient,  a  horizonl^  row  of  them  may  be  used. 

A  weir-gauge  should  be  placed  on  a  straight  part  of  the  channel, 
because  if  it  is  placed  on  a  curved  part  the  rush  of  water  from  the 
outlet  may  undermine  the  concave  bank  of  the  stream.  To  pre- 
vent the  weir  itself  from  being  undermined  in  iront,  the  bottom  of 
the  channel  below  the  outlet  should  be  protected  by  an  apron  of 
boards,  or  a  stone  pitching,  or  by  carrying  the  water  some  distance 
forward  in  a  wooden  shoot  or  spout,  placed  so  low  as  not  to  drown 
any  part  of  the  outlet. 

Stream-gauges  ought  to  be  observed  once  a-day  at  least,  and 
oftener  when  the  flow  of  the  stream  is  in  a  state  of  rapid  varia- 
tion, as  it  is  during  the  rise  and  fall  of  floods. 

II.  By  Current  Meters, — In  large  streams  the  flow  can  in  general 
be  measured  only  by  finding  the  area  of  cross-section  of  the  stream, 
measuring  by  suitable  instruments  the  velocities  of  the  current  at 
various  points  in  that  cross-section,  taking  the  mean  of  those 
velocities,  and  multiplying  it  by  the  sectional  area.  The  most 
convenient  instrument  for  such  measurements  of  velocity  is  a  small 
light  revolving  fan,  on  whose  axis  there  is  a  screw,  which  diives  a 
train  of  wheel- work,  carrying  indexes  that  record  the  number  of 
revolutions  made  in  a  given  time.    The  whole  apparatus  is  fixed  at 
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the  end  of  a  pole,  so  that  it  can  be  immeraed  to  diflerent  depths  in 
different  parts  of  the  channel.  The  relation  between  the  nnmber 
of  revolutions  of  the  fan  per  minute,  and  the  corresponding  Telocitr 
of  the  current,  should  be  determined  experimentally  hy  moving  ^e 
instrument  with  different  known  velocities  through  a  piece  of  stOl 
water,  and  noting  the  revolutions  of  the  fan  in  a  given  time. 

A  straight  and  uniform  part  of  the  channel  should  alwajs  be 
chosen  for  experiments  on  the  velocity  of  a  stream. 

When  from  the  want  of  the  proper  instrument,  or  anj  other 
cause,  the  velocity  of  the  current  cannot  be  measured  at  various 
points,  the  velocity  of  its  swiflest  part,  which  is  at  the  middle  of  the 
surface  of  the  stream,  may  be  measured  by  observing  the  motions 
of  any  convenient  body  floating  down,  and  from  that  greatest  velo- 
city the  mean  velocity  may  be  computed  by  the  formula  giv&k  in 
Article  445,  p.  674. 

III.  By  Calculation  from  the  Dedivity, — For  this  purpose  a  por- 
tion of  the  stream  must  be  carefully  levelled,  cross-sections  being 
taken  at  intervals;  and  the  discharge  is  to  be  calculated  by 
the  rules  of  Division  I.  of  Article  451,  p.  687.  Id  order  that  the 
result  may  be  accurate,  the  part  of  the  stream  chosen  should  have, 
as  nearly  as  possible,  an  uniform  cross-section  and  declivity,  and 
should  be  free  from  obstruction  to  the  current,  and,  above  all,  from 
weeds,  which  have  been  known  to  increase  the  fiiction  nearly 
tenfold. 

IV.  Edimation  of  Flow  in  Different  Years. — ^The  discharge  of  a 
stream  during  a  certain  period  of  obsen'^ation  having  been  asoer* 
tained,  may  be  used  to  compute  probable  values  of  its  least,  mean, 
and  greatest  discharge  in  a  series  of  years,  by  multiplying  it  by  the 
proportions  borne  by  the  rain-fall  in  those  years  as  observed  at  the 
*'  standard  station"  (see  Article  456,  p.  695)  to  the  ndn-fall  at  the 
same  station  during  the  period  when  the  stream  was  gauged. 

458.  OrdiwuT  Ftow  aad  Fi^^ds. — Questions  often  arise  between 
the  promoters  of  a  watei^work  and  the  owners  and  occupiers  K\i 
land  on  the  banks  of  a  stream  as  to  the  distinction  between  the 
*^  ordinary"  or  "  average  summer  discharge"  of  a  stream  and  the 
'^  flood  discharge."  The  distinction  is  in  general  not  diflicult  to 
draw  by  an  engineer  who  personally  inspects  the  stream  at  each 
time  that  its  flow  is  gauged;  but  to  provide  for  the  case  of  such 
inspection  being  impracticable,  Mr.  Leslie  has  proposed  an  arbitiaiT 
rule  for  drawing  that  distinction,  which  many  engineers  have 
adopted.     It  is  as  follows : — 

Eange  the  discharges  as  observed  daily  in  their  order  of  magni- 
tude. 

Divide  the  list  thus  arranged  into  an  upper  quarter,  a  middle 
hal^  and  a  lower  quarter. 
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The  dischaiges  in  the  upper  quarter  of  the  list  are  to  be  consi- 
dered bA  floods. 

For  each  of  the  flood  discharges  thus  distinguished  substitute  the 
avero/ge  of  the  middle  half  of  the  list,  and  take  the  mean  of  the 
whole  list,  as  thus  modifl^,  for  the  ordincMry  or  average  discharge, 
exclusive  offlood-VKUers, 

It  appears  that  the  ordinary  dischaige,  as  computed  by  this 
method  in  a  number  of  examples  of  actual  streams  in  hilly  districts, 
ranges  from  one-third  to  one-fourth  of  the  mean  dischargCy  indvding 
floods;  being  a  result  in  accordance  with  those  arrived  at  by  engi- 
neers who  have  distinguished  floods  from  ordinaiy  discharges  to 
the  best  of  their  judgment,  without  following  rules. 

4o9.  racMHrcBMBt  •f  FUw  !■  pipca. — ^The  Water  Meters,  or 
instruments  for  measuring  the  flow  in  pipes,  now  commonly  used, 
may  be  divided  into  two  classes — pistou  meters  and  wheel  metera 

A  piston  meter  is  a  small  double-acting  water-pressure  engine, 
driven  by  the  flow  of  water  to  be  measured.  That  of  Messrs. 
Chadwick  and  Frost  records  the  number  of  brakes  made  by  the 
piston,  each  stroke  corresponding  to  a  certain  volume  of  water. 
That  of  Mr.  Kennedy  is  so  constructed  that,  by  means  of  a  rack  on 
the  piston-rod  driving  pinions,  the  distance  traversed  by  the  piston 
is  recorded  by  a  train  of  wheel- work,  with  dial-plates  and  indexes. 

An  example  of  a  wheel  meter  is  that  of  Mr.  Siemens,  being  a 
small  reaction  turbine  or  "  Barker's  mill,"  driven  by  the  flow.  The 
revolutions  are  recorded  by  a  train  of  wheel- work,  with  dial-plates 
and  indexea 

Another  example  of  a  wheel  meter  is  that  of  Mr.  Grorman,  being 
a  small  ./^  tuMne  or  vortex  wheel  driven  by  the  flow,  and  driving 
the  indexes  of  dial-plates. 

The  ordinary  errors  of  a  good  water  meter  are  from  ^  to  1  per 
cent,  j  in  extreme  cases  of  variation  of  pressure  and  speed  errors 
may  occur  of  2^  per  cent. 

The  value  of  the  revolutions  of  a  wheel  meter  should  be  ascer- 
tained experimentally,  by  finding  the  number  of  revolutions  made 
during  the  filling  of  a  tank  of  known  capacity. 

For  descriptions  of  several  kinds  of  water  meters,  see  the  Trans- 
auctions  of  the  Institution  of  Mechanical  Engineers  for  1856. 


Section  III. — Of  Store  Reservoirs. 

460.  PwpMM  ud  €«pscitr  •f  stMw  BcMTT^in. — ^A  store  reser- 
voir is  a  place  for  storing  water,  by  retaining  the  excess  of  rain-fiill 
in  times  of  flood,  and  letting  it  off  by  degrees  in  times  of  drought. 
It  effects  one  or  more  of  the  following  purposes : — 
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To  prevent  damage  by  floods  to  the  conntiy  below  the  ] 

To  prevent  the  evil  conaequenoes  of  droughts. 

To  increase  the  ordinary  or  available  flow  of  a  stream  by  adding 
to  it  the  whole  or  part  of  the  flood- waters. 

To  enable  water  to  be  diverted  from  a  stream  without  diminishiBg 
the  "  ordinary  **  or  **  avcitige  summer  flow/*  as  defined  in  Aitx^ 
458,  p  69a 

To  allow  mechanical  impurities  to  settle. 

The  avaUable  eapaeUy  or  tiorag^-TOom  of  a  reservoir  is  the  vohune 
contained  between  the  highest  and  lowest  working  water-levels, 
and  is  less  than  the  tokd  capacity  by  the  volume  of  the  space  below 
the  lowest  working  water-level,  which  is  left  as  a  place  for  the 
collection  of  sedimeut,  and  which  is  either  kept  always  full,  or  only 
emptied  when  it  is  absolutely  necessary  to  do  so  for  purposes  of 
cleansing  and  repair.  It  is  impossible  to  lay  down  an.  universal 
rule  for  the  volume  of  the  space  so  left,  or  ''bottom**  as  it  is  called; 
but  in  some  good  examples  of  artificial  reservoiis  it  occupies  ahoat 
one-sixth  of  the  greatest  depth  of  water  at  the  deepest  part  of  the 
reservoir. 

The  absolute  storage-room  required  in  a  reservoir  is  regulated  by 
two  circumstances : — the  demand  for  water,  and  the  extent  to  which 
the  tupply  fluctuatea 

The  demand  is  usually  a  certain  uniform  quantity  per  day. 
Experience  has  shown  that  about  120  day^  demand  is  the  least 
storage-room  that  has  proved  sufficient  in  the  dimate  of  Britain; 
in  some  cases  it  has  proved  insufficient;  and  even  a  storage  equal  to 
140  days*  demand  has  been  known  to  fkdl  in  a  very  dry  season;  and 
consequentlj  some  engineers  advise  that  every  store  reservoir 
should  if  possible  contain  six  months*  demand. 

From  data  respecting  various  existing  reservoirs  and  gathering- 
grounds,  given  by  Mr.  Beardmore  {Hydraulic  Tables)^  it  appears 
that  the  storage-room  varies  from  one-third  to  one-half  o/ the  oveA- 
able  amnucd  rain-fall. 

The  best  rule  for  estimating  the  available  capadiy  required  in  a 
store  reservoir  would  probably  be  one  founded  upon  taking  into 
account  the'supply  as  well  as  tiie  demand.     For  example— 

180  days  of  the  eoooese  of  the  daily  demand,  above  the  leaet  daiUy 
supply  J  as  ascertained  by  gauging  and  computation  in  the  noanner 
described  in  the  preceding  section. 

In  ordei'  that  a  reservoii*  of  the  capacity  prescribed  by  the  pre^ 
ceding  rule  may  be  efficient,  it  is  essential  that  the  least  available 
annual  rainfcJl  of  the  gathering-ground  should  be  sufficient  to 
supply  a  yea?s  demand  for  toater. 

To  enable  the  gathering-ground  to  supply  a  demand  for  water 
corresponding  to  the  average  available  annual  ram-fall,  the  greatest 
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total  d^idmcy  of  available  rain-£sill  below  such  average,  whether 
confined  to  one  year  or  extending  over  a  series  of  years,  must  be 
ascertained,  and  an  addition  equal  to  such  deficien^^  made  to  the 
reservoir  room;  but  it  is  in  general  safer,  as  well  as  less  expensive, 
to  extend  the  gathering-ground  so  that  the  least  annual  supply  may 
be  sufficient  for  the  demand. 

The  forgoing  principles  as  to  capacity  have  reference  to  those 
cases  in  which  the  water  is  to  be  used  to  supply  a  demand  for 
water.  When  the  sole  object  of  the  reservoir  is  to  prevent  floods 
in  the  lower  parts  of  the  stream,  it  ought  to  be  able  to  contain  the 
ascertained  greatest  total  excess  of  the  available  rain-&ll  during  a 
season  of  flood  above  the  greatest  dischaiging  capacity  of  the  stream 
consistent  with  freedom  from  damage  to  the  country. 

461.  BcMrr^ir  Mtes* — In  choosing  the  site  of  a  reservoir,  the 
engineer  has  three  things  chiefly  to  consider:  the  elevation,  the 
configuration  of  the  ground,  and  the  materials,  especially  those 
-which  will  form  the  foundations  of  the  embankment  or  embank- 
ments by  which  the  water  is  to  be  retained. 

I.  The  Elevation  of  the  site  must  at  once  be  so  high  that  from 
the  lowest  water-level  there  shall  be  sufficient  fidl  for  the  pipes^ 
conduits,  or  other  channels  by  which  the  water  is  to  be  dischaiged, 
and  at  the  same  time  so  low  that  there  shall  be  a  sufficient  gather- 
ing-ground above  the  highest  water-leveL 

IL  The  GanfiffimUion  of  the  Oraund  best  suited  for  a  reservoir 
site  is  that  in  which  a  large  basin  can  be  enclosed  by  embanking 
acTOsa  a  narrow  gorge.  To  enable  the  engineer  to  compare  such 
sites  with  each  other,  and  to  calculate  their  capacities,  plans  with 
frequent  contour-lines  are  very  useful  (Article  69,  p.  95),  or  in  the 
absence  of  contour-lines,  numerous  cross-sections  of  the  valleys. 
The  water's  edge  of  the  reservoir  is  itself  a  contour-line.  Afber  the 
site  of  a  reservoir  has  been  fixedj  a  plan  of  it  should  be  prepared 
with  oontour^lines  numerous  and  close  enough  to  enable  the 
engineer  to  compute  the  capacity  of  every  foot  in  depth  from  the 
lowest  to  the  highest  water-level,  so  that  when  the  reservoir  is  con- 
structed and  in  use,  the  inspection  of  a  vertical  scale  fixed  in  it 
may  show  how  much  water  there  is  in  store. 

Care  should  be  taken  to  observe  whether  the  basin  of  a  projected 
reservoir  site  has,  besides  its  lowest  outlet,  higher  outlets  through 
which  the  water  may  escape  when  the  lowest  outlet  is  closed, 
unless  they  also  are  closed  by  embankments. 

The  figure  of  the  ground  at  the  site  of  a  proposed  reservoir 
embankment  must  be  determined  with  care  and  accuracy,  by  making 
not  only  a  longitudinal  section  along  the  centre  line  of  the  embank- 
ment (which  section  will  be  a  cross-section  as  regards  the  valle^, 
but  several  cross-sections  of  the  site  of  the  embankment,  which  shorn*' 
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be  at  right  angles  to  the  longitudinal  section,  unless  there  is  some 
special  reason  for  placing  them  otherwise.  One  of  these  cross- 
sections  of  the  embankment  site  should  run  along  the  course  of  the 
existing  outlet  of  the  reservoir  site  (usually  a  stream),  and  another 
along  the  course  of  the  intended  outlet  (usually  a  culvert  containing 
one  or  more  pipes). 

III.  Material, — ^The  materials  of  the  site  of  the  intended  embank- 
ment should  be  either  im{)erviou8  to  water  or  capable  of  being 
easily  removed  so  far  as  they  are  pervious,  in  order  to  leave  a  water- 
tight foundation ;  and  their  nature  is  to  be  ascertained  by  borings 
and  trial  pits,  as  to  which,  see  Article  187,  p.  331,  and  Article  391, 
p.  598  ;  and,  if  necessary,  by  minea  (Article  392,  p.  594.)  In  many 
cases  it  is  not  sufficient  to  confine  this  examination  to  the  site  of 
the  embankment ;  but  the  bottom  and  sides  of  the  reservoir-basiu 
must  be  examined  also,  in  order  to  ascertain  whether  they  do  not 
contain  the  outcrop  of  porous  strata,  which  may  conduct  away  the 
impoundefl  water.  The  best  material  for  the  foundation  of  a  reser- 
voir embankment  is  clay,  and  the  next,  compact  rock  free  from 
fissures.  Springs  rising  under  the  base  of  the  embankment  are  to 
be  carefully  avoided. 

The  engineer  should  ascertain  where  earth  is  to  be  found  suit- 
able for  making  the  embankment,  and  especially  clay  fit  for  puddle. 

462.  iLmm^  Aw««h  means  land  which  lies  near  the  mai^gin  of  % 
reservoir,  at  a  height  not  exceeding  three  feet  above  the  top  water- 
level,  and  whose  drainage  is  consequently  injured.  The  promoters 
of  the  reservoir  are  sometimes  obliged  to  purchase  such  land.  Ite 
boundary  is  of  course  a  contour-line. 

463.  €*iiBtracti*a  •f  ReMrT«lr  BailmakHieBta. — I.  General  FiffUff 
cmd  Dimensions. — ^A  reservoir  embankment  rises  at  least  3  feet 
above  the  top  water-level,  and  in  some  cases  4,  6,  or  even  10  feet  It 
has  a  level  top,  whose  breadth  may  be  in  ordinary  cases  about  (mt- 
third  of  the  greatest  height  of  the  embankment ;  the  outer  slope,  or 
that  furthest  from  the  water,  may  have  an  inclination  regulated  bv 
the  stability  of  the  material,  such  asl^tol,  or2tol;  the  inntr 
slope,  or  that  next  the  water,  is  always  made  flatter,  its  most  com- 
mon inclination  being  3  to  1. 

II.  The  Setting-out  of  the  boundaries  of  the  embankment  on  tht 
ground  (see  Article  67,  p.  1 1 3)  is  to  be  performed  with  great  accuracy- 
by  the  aid  of  the  cross-sections  already  mentioned  in  a  preceding 
article.  The  following  method  also  has  been  found  convenient  ic 
suitable  situations.  On  the  side  of  the  valley,  at  one  end  of  the  pro- 
posed embankment,  erect  upon  props  a  wooden  rail,  with  its  upper 
edge  exactly  horizontal,  and  exactly  in  the  plane  of  the  slope  to  be  sk 
out  At  a  convenient  distance  back  from  the  rail  as  regards  the 
slope,  set  up  a  prop  supporting  a  sight  having  a  small  ^e-hole,  al^' 
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exactly  in  the  plane  of  the  slope  to  be  Bet  out.  A  row  of  pegs- 
ranged  from  the  sight  so  as  to  mark  points  on  the  ground  in  a  line 
with  the  upper  edge  of  the  rail  will  give  the  foot  of  the  slope. 

The  same  rail  (with  two  different  sights)  may  be  used  to  set  out 
both  slopes,  if  its  upper  edge  coincides  with  their  line  of  inter- 
section. Let  the  inner  slope  be  8  to  1,  the  outer  «'  to  1,  the  breadth 
of  the  top  of  the  embankment  h ;  then  the  height  of  that  line  of  in- 
tersection above  the  top  of  the  embankment  is, 

J -(»  +  »'); (1-) 

and  its  horizontal  distance  outwards  from  the  centre  line  of  the 
embankment  is, 

1(8"^  -i-  2(8  -^  8") (2.) 

An  instrument  consisting  of  a  bar  with  two  sights  capable  of 
turning  about  an  axis  adjusted  so  as  to  be  perpendicular  to  the 
slope  to  be  ranged  has  been  used  for  the  same  purpose. 

IIL  Prepa/rmg  the  Foundation, — The  foundation  is  to  be  pre- 
pared by  stripping  off  the  soil,  and  excavating  and  removing  all 
porous  materials,  such  as  sand,  gravel,  and  fissured  rock,  imtil  a 
compact  and  water-tight  bed  is  reached.* 

IV.  The  CtUvert  for  the  outlet-pipes  is  next  to  be  built*  in 
cement  or  strong  hydraidic  moi'tar,  resting  on  a  base  of  hydraulic 
concrete.  Its  internal  dimensions  must  be  sufficient  to  admit  of  the 
access  of  workmen  beside  the  pipe  or  pipes  which  it  is  to  contain. 
The  principles  which  should  regulate  its  figure  and  thickness  are 
those  which  have  been  explained  in  Article  297  a,  p.  433.  The 
outer  or  down-stream  end  of  the  culvert  is  usually  open,  and  often 
has  wing- walls  sustaining  the  thinist  of  part  of  the  outer  slope  of 
the  embankment;  the  inner  or  up-stream  end  is  usually  closed  with 
water-tight  masonry,  through  which  the  lowest  or  scouring  outlet- 
pipe  passes.  In  some  reservoirs  there  is  a  water-tight  partition  of 
masonry  at  an  intermediate  point  in  the  culvert  The  culvert  is  to 
be  well  coated  with  clay  puddle.  (Article  206,  p.  344.)  In  the 
best  constructed  reservoirs  a  toioer  stands  on  the  inner  end  of  the 
culvert,  to  contain  outlet-pipes  for  drawing  water  from  different 
levels,  with  valves,  and  mechanism  for  opening  and  shutting  them. 

Sometimes  a  cast  iron  pipe  is  laid  without  any  culvert 

*  The  fbUowing  method  was  used  by  Jardine  to  dear  nnaonnd  pieces  away  from 
the  rock  fbnndation  of  the  embankment  of  Glencorse  reservoir,  near  Edinbnrgh. 
A  layer  of  clay  paddle  was  spread  and  well  rammed  over  the  surface  of  the  rock, 
and  was  then  torn  off,  when  all  the  fissured  fragments  came  away  adhering  to  the 
sheet  of  puddle,  leaving  a  surface  of  sound  rock  for  the  foundation  of  the  embank- 
ment 
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y.  Makmg  ike  BfnbankmmL— The  embuikmeiit  is  to  be  made 
of  clay  in  thin  hozisontal  layen,  as  described  in  Aitide  19^, 
Division  IIL,  p.  341.  The  central  part  of  the  emhantment  should 
be  a  ''puddle  waU,''  of  a  thickness  at  the  base  equal  to  about  ooe- 
third  of  its  height ;  it  may  diminirfi  to  about  two-thirds  or  0D^ 
half  of  that  thickness  at  the  top.  Great  care  must  be  taken  th&t 
the  paddle  wall  makes  a  perfectly  water-tight  joint  with  the  gioimd 
throughout  the  whole  of  its  course,  and  also  with  the  puddle  ootiaog 
of  the  culvert* 

During  the  construction  of  a  reservoir  embankment  care  ahodd 
be  taken  to  provide  a  temponuy  outlet  for  the  water  of  its  gadte^ 
ing'ground,  sufficient  to  cany  away  the  greatest  flood-disduufc 
This  may  be  done  either  by  having  a  pipe  sufficient  for  the  porpoee 
traversing  the  culvert,  or  by  completii^B;  a  sufficient  bye- wash  before 
the  embankment  is  conmienced. 

YI.  ProteoUon  of  Slopes  and  ^6p.— The  outer  slope  is  usoallj 
protected  from  the  weather  by  b^g  covered  with  sods  of  ga^ 
The  inner  slope  is  usuaUy  pitched  or  fiaced  with  diy  stone  set  on 
edge  by  hand,  about  a  foot  thick,  up  to  about  three  feet  above  the 
top  water-level,  and  as  much  higher  as  waves  and  spny  arefbnndto 
rise.  The  top  of  the  embankment  may  be  covered  with  sods  like 
the  outer  slope ;  but  it  is  often  convenient  to  make  a  roadway  upm 
it;  in  either  case  it  should  be  dressed  so  as  to  have  a  sl^ht  cod- 
vexity  in  the  middle,  like  that  given  to  ordinary  roads,  in  oider 
that  water  may  run  off  it  readily. 

No  trees  or  shrubs  should  be  allowed  to  grow  on  a  reserwHT 
embankment,  as  their  roots  pierce  it  and  make  openings  for  the 
penetration  of  water.  For  iJie  same  reason  no  stakes  ^oold  be 
driven  into  it. 

464.  Apptmitmwm  •f  mmn  Btiwf  iw. — L  The  Waste-wdr  IS  as 
appendage  essential  to  the  safety  of  eveiy  reservoir.  It  is  a  wr 
at  such  a  level,  and  of  such  a  length,  as  to  be  capable  of  dischaigiBg 
from  the  reservoir  the  greatest  flood-discharge  of  the  streams  vbich 
supply  it,  without  causing  the  water-level  to  rise  to  a  dan^riHis 
height  (As  to  the  discharge  over  a  weir,  see  Article  449,  Divisions 
IL,  IIL,  VI.,  and  VII.,  pp.  682  to  684.)  The  water  discharged  over 
the  weir  is  to  be  received  into  a  channel,  open  or  covered,  as  the 
situation  may  require,  and  conducted  into  the  natural  w&ter-coni^ 
below  the  reservoir  embankment  The  weir  is  to  be  built  of  ashltf 
or  squared  hammer-dressed  masonry;  the  bottom  of  the  vaste- 

*  The  late  Mr.  Smith  of  Deaaaton  ramoMd  and  puddled  each  aaoeeaiv*  1*5* 
of  a  niervoir  embankmsot  by  ereotxog  a  nil-ftooe  alo^  each  aide  of  it,  and  driflBS 
a  flock  of  sheep  aevenJ  times  baokwards  and  foTRrards  aloQg  it 

Clay  paddle  may  be  protected  against  the  borrowing  of  rats  by  a  miztsre  oi 
engine  ashes,  care  being  taken  not  to  add  ao  moch  as  to  suke  it  perrioas  to  vitv. 
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oliannel,  directly  in  front  of  it,  is  best  protected  by  a  series  of  rough 
stone  steps,  which  break  the  &11  of  the  water.  Instead  of  a  waste- 
"^^eir,  a  uxute-^  has  in  some  cases  been  used;  that  is  to  say,  a 
-t>ower  rising  through  or  near  the  embankment  to  the  top  water- 
leyel;  the  waste  water  £Edls  into  this  tower  and  is  carried  away  by 
SL  culvert  from  its  bottom;  but  the  efficiency  and  safety  of  this  con- 
-fcrivance  are  very  questionable,  for  it  seldom  can  have  a  sufficient 
extent  of  over&ll  at  the  top. 

IL  Waste-duices  may  be  opened  to  assist  the  waste-weir  in  dis- 
charging an  excessive  supply  of  water.  They  may  either  be  imder 
the  control  of  a  man  in  charge  of  the  reservoir,  or  they  may  be 
self-acting.  The  simplest  and  best  self-acting  waste-slmce  is  that 
of  M.  Chaubart,  as  to  which,  see  A  Mantud  of  the  Steam  Unffine  and 
€fther  Prime  MoverSy  Article  139,  p.  153. 

III.  Culvert,  Valve-Tovoer,  Bridge,  Ovdet-Pipesamd  Valves, — The 
culvert  and  its  tower  have  been  mentioned  in  the  preceding  article. 
When  the  tower  is  imbedded  in  the  embankment^  as  it  sometimes 
is,  it  is  called  the  valve^pit;  but  the  best  position  for  it  is  in  the 
reservoir,  just  dear  of  the  embankment;  and  then  a  light ybo^ 
bridge  is  required  to  give  access  to  it  from  the  top  of  the  embank- 
ment. 

When  the  object  of  a  store  reservoir  is  simply  to  equalize  the 
flow  of  a  stream,  in  order  to  protect  the  lower  countiy  fix>m  floods, 
and  to  obtain  an  increased  ordinary  flow  available  for  irrigation  and 
water-power,  one  outlet-pipe  may  be  sufficient^  discharging  into  the 
natural  water-oourq^  below  the  embankment;  but  if  the  water  is  to 
be  used  for  the  supply  of  a  town,  or  for  any  other  purpose  to  which 
cleanness  is  essential,  there  must  be  at  least  two  outlet-pipes, — the 
ordinary  discharge-pipe,  which  takes  the  water  from  a  point  or  points 
not  below  the  lowest  water-level  of  the  reservoir,  in  order  to  con- 
duct it  to  the  town  or  place  to  be  supplied ;  and  the  deansing-pipe, 
which  takes  the  water  at  or  near  the  lowest  point  in  the  reservoir, 
and  discharges  it  into  the  natural  water-course  below  the  embank- 
ment, and  is  only  opened  occasionally  in  order  to  scour  awaysediment. 
The  wuter-course,  where  such  scouring  discharge  fells  into  it,  must 
have  its  bottom  protected  by  a  stone  pitching.  As  *to  the  discharge 
of  pipes,  see  Article  450,  p.  68^. 

The  mouthpieces  of  such  pipes  should  be  guarded  against  the 
entrance  of  stones,  pieces  of  wood,  or  other  bodies  which  might 
obstruct  them  or  injure  the  valves,  by  means  of  convex  gratings. 
The  valves  best  suited  for  them  are  slide  valves,  as  to  which,  see  A 
Man/ual  of  the  Steam  Engine  amd  cither  Prime  Movers,  Article  120, 
p.  124. 

lY.  The  Sye-vxuih  is  a  channel  sometimes  used  to  divert  past 
the  reservoir  the  waters  of  the  streams  which  supply  it,  when  these 

2z 
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are  tarfoid  or  otherwise  impure.  Its  diineD8i<»A  are  fixed  aooord- 
ing  to  the  principles  of  Article  451,  p.  680.  Its  couiBe  nsodlj  lies 
near  one  nuu^  of  the  reservoir,  and  is  then  oonvenioitfy^  ataatod 
for  receiving  fiie  water  dischaiged  by  the  waste-weir. 

In  some  cases,  when  a  reservoir  has  been  made  niid^*  a  8iapala> 
tion  that  only  the  surplus  above  a  certain  quantity  was  to  be 
aUowed  to  flow  into  it  from  the  streams,  the  whole  of  ^e  streane 
have  been  conducted  past  the  reservoir  in  a  bye-wash,  having  weiis 
or  over&lls  along  its  margin,  at  certain  points  in  its  course  ahove 
the  top  water-level  of  the  reservoir.  The  levels  of  those  weire  were 
A>  adjusted  that  when  no  more  than  the  prescribed  quantity  flowed 
down  the  bye-wash  none  escaped  ovar  tiie  weirs;  but  wh^i  ^ere 
was  any  surplus  flow  in  the  bye-wash,  the  water  in  it  rose  above  ^ 
crests  of  the  weirs,  and  the  surplus  escaped  over  them  into  the 
reservoir. 

y.  Divenian'-cuis  are  permanent  bye-washes  for  streams  thai  are 
80  impure  as  to  be  rejected  altogether. 

YI.  Feeders  are  small  channels  for  divertLE^  either  streams  or 
surface  drainage  into  the  re8er\'oir,  and  so  increasing  its  gathenng* 
ground.  When  used  to  catch  sur&ce  drainage,  they  have  be^ 
found  to  conduct  to  the  reservoir  from  cne^iukrier  to  one-half  of  the 
rain-falL 

In  connection  with  feeders  for  diverting  streams  into  ihe  resei^ 
voir  may  be  mentioned  what  may  be  called  a  MpanUing^ujek'y  the 
invention  of  an  assistant  of  Mr.  Bateman,  and  first  used  in  the 
Manchester  water-works.  A  weir  built  across  the  channel  of  a 
stream  has  in  iront,  and  parallel  to  its  crest,  a  small  conduit  runnii^ 
along  its  front  slope  at  such  a  level  that  when  the  stream  is  in  flood, 
and  therefore  turbid,  the  cascade  from  the  top  of  the  weir  ovei^ 
leaps  the  conduit,  and  runs  down  the  front  slope  into  the  natoxal 
chcmnel,  which  conveys  it  to  a  reservoii-  for  the  supply  of  mills;  but 
when  the  flow  is  moderate,  the  cascade  falls  into  the  small  conduit, 
which  leads  it  into  a  feeder  of  the  store  reservoir  for  the  sappty  of 
the  city. 

The  horizontal  distance  x  to  which  a  cascade  from  the  crest  of  a 
weir  will  leap  in  the  course  of  a  given  fall  z  below  that  crest  maybe 
thus  calculated.  The  mean  Telocity  with  which  the  cascade  8hooti^ 
from  the  weir-crest  is  nearly 

v=  I  X  8-025  ^/Al  =  5-35  Jh[l (3.) 

h,  being  the  height  from  the  weir-crest  to  still  water  in  the  pond. 
Then 

""=  8^02^  =  3 '^- ^^^ 
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465.  Btwertait  Waifab — Betaining  walls  are  often  used  at  the  foot 
of  the  slopes  of  a  Teservoir  embankment;  they  are  of  course  to  be 
built  in  strong  and  durable  hydraulio  mortar,  especially  at  the  foot 
of  the  inner  slope.  As  to  their  stabOity  and  construction^  see 
Articles  265  to  271,  pp.  401  to  410. 

Where  the  gorge  to  be  closed  is  of  small  dimensions  either  hori- 
zontally or  vertically,  a  wall  may  be  used  instead  of  an  embank- 
ment; the  formulse  applicable  to  its  stability  being  deduced  from 
the  general  formulae  for  retaining  walls  by  making  the  angle  of 
repose  =  0,  and  putting  62*4  for  ^e  weight  of  a  cubic  foot  of  the 
pressing  material 

It  is  advisable,  unless  the  foundation  is  unusually  firm,  to  limit 
the  deviation  of  the  centre  of  resistance  at  the  base  of  the  wall,  from 
the  centre  of  the  base,  to  one-fourth  of  the  thickness. 

The  result  is,  that  either  for  a  rectangular  wall,  or  for  a  trapezoidal 
wall  with  the  inner  face  vertical,  and  the  thickness  at  the  top  one- 
fourth  of  the  thickness  at  the  base,  the  thickness  at  the  base  should 
be  about  six-tentks  of  the  height 

If  the  wall  stands  on  a  soft  foundation,  it  may  be  advisable  to 
make  the  centre  of  resistance  coincide  with  the  centre  of  figure  of 
the  base,  and  for  that  purpose  the  wall  may  be  made  of  an  isoscelee 
triangular  form  of  section,  with  the  base  =  the  height  x  s/2,  or 
1-414  nearly. 

466.  liftke  B«Mnr*in. — ^To  convert  a  natural  lake  into  a  reservoir 
it  must  be  provided  with  a  waste-weir,  and  with  one  or  more 
outlets  at  the  intended  lower  water-level,  controlled  by  valves. 
As  to  the  waste-weir,  two  methods  may  be  followed,— one  is  to 
leave  the  natural  outlet  to  act  as  a  waste-weir,  but  that  outlet  is 
seldom  broad  enough  to  do  so  without  causing  undue  variation  in 
the  top  water-level ;  the  other  is  to  make  a  dam  or  embankment 
across  the  outlet,  with  an  artificial  waste-weir.  The  waste-weir 
may  be  made  to  answer  as  a  dam.  The  outlet  or  outlets  may  be 
made  either  by  building  a  culvert  with  pipes  in  an  excavation  of 
sufficient  depth,  or  by  tunnelling  througn  one  of  the  ridges  that 
enclose  the  laka 

SEcrnoN  IV. — OfNaJbwr(d  cmd  Artificial  WaJter'Chcmvds. 

467.  Snrrerliiff  nad  IieirelUii«  •f  Watcr^haBiiela. — The  principles 
which  connect  the  dimensions,  figure,  declivity,  velocity  of  current, 
and  discharge  of  a  water-channel  have  already  been  fuUy  set  forth 
in  Articles  444  and  445,  pp.  673  to  674,  and  Articles  451  to  454, 
pp.  686  to  691.  In  the  present  section  are  to  be  explained  the 
principles  according  to  which  such-channels,  whether  natural  or 
artificial,  are  constructed,  preserved,  and  improved. 
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The  pUnfl  of  an  existing  or  intended  wator-duumd  require  bo 
special  remark  beyond  what  has  already  been  stated  as  to  pians  in 
general  ih  the  first  part  of  this  work,  except  that  in  the  case  of  exiaiiDg 
streams  liable  to  ovei^ow  their  banks,  they  should  show  the  bomid- 
aries  of  lands  liable  to  be  flooded,  and  also  of  those  liable  to  be  kid 
awash  (see  Article  462,  p.  702),  and  that  their  utility  will  be  greatij 
increased  by  contour-lines.  The  longitudinal  section  dould  be 
made  along  the  centre  line  of  a  proposed  channel,  and  along  ihe 
line  of  the  most  rapid  current  in  an  existing  channel;  and  it  ^odd 
show  the  levels  of  both  banks  as  well  as  those  of  the  bottom  of  ihe 
channel,  and  of  the  surface  of  the  current  in  its  lowest,  ordinarT, 
and  flooded  conditions.  It  should  be  accompanied  by  numerous 
cross-sections,  especially  in  the  case  of  existing  streams  of  vaiial^e 
sections;  and  of  those  cross-sections  a  sufficient  number  should 
extend  completely  across  the  lands  flooded  and  awash,  to  show  the 
figure  of  their  sttr£BU>e.  They  should  include  accurate  drawings  of 
the  archways,  roadways,  and  approaches  of  existing  bridges,  also  of 
existing  weirs  and  other  obshuctions.  The  nature  of  ihe  strata 
should  be  ascertained,  as  for  any  piece  of  earthwork,  by  sinking  pits 
and  borings,  and,  in  the  case  of  an  existing  channel,  by  probing  itst 
bottom  also,  and  the  results  diould  be  shown  on  iJie  section  and 
plan. 

468,  HegtaM  #r  MaMUtf  m€  a  Waiflr47kwuMl. — ^A  wateTK^faannel 
is  said  to  be  in  a  state  of  r^me  or  stabUUy  when  the  materials  of 
its  bed  are  able  to  resist  the  tendency  of  the  current  to  sweep  them 
forward.  The  following  table  shows,  on  the  authority  of  Du  Boat, 
the  greatest  velocities  ^the  current  dose  to  ihe  bed,  consistent  with 
the  stability  of  various  materials : — 

Sofbclay, 0*25  foot  per  second. 

Fine  sand, 0-50     „           „ 

Coarse  sand,  and  gravel  as  large  as  peas,  0*70     „          „ 

Gravel  as  large  as  French  beans, I'oo     „           „ 

Gravel  1  inch  in  diameter, 2*25  feet  per  second. 

Pebbles  1^  inch  diameter, 3*33     „          „ 

Heavy  shingle, 4-00     „           „ 

Soft  rock,  brick,  earthenware, 4*50     „           „ 

Rock,  various  kinds, {^upwards.  " 

As  to  the  relation  between  the  sur&ce  velocity,  the  mean  velodtv, 
and  the  velocity  close  to  the  bed,  see  Article  445,  p.  674. 

The  condition  of  the  channels  of  streams  which  have  a  rocky  bed 
is  generally  that  of  stability.  When  the  bed  is  stony  or  grardlj 
the  condition  is  most  frequently  that  of  stability  in  the  ordinarr 
state  of  the  river,  and  instability  in  the  flooded  state. 
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When  the  bed  is  earthy  its  usaal  eondition  is  either  just  stable 
and  no  Tnore,  or  perTncmenUj/  tmstable.  The  former  of  these  condi- 
tions arises  from  the  fistct  of  the  stream  carrying  earthy  matter  in 
suspension,  so  that  the  bed  consists  of  particles  ^widch  are  just  heavy 
enough  to  be  deposited,  and  which  any  slight  increase  of  velocity 
would  sweep  away. 

The  bottom  of  a  river  in  a  permanently  unstable  condition  pre- 
sents, as  Du  Buat  pointed  out,  a  series  of  transverse  ridges,  each 
with  a  gentle  slope  at  the  up-stream  side  and  a  steep  slope  at  the 
down-stream  side.  The  particles  of  the  bed  are  rolled  by  the 
current  up  the  gentle  slope  till  they  come  to  the  crest  of  the 
lidge,  whence  they  eventually  drop  down  the  steep  slope  to  the 
bottom  of  a  furrow,  where  they  become  covered  up,  and  remain  at 
rest  till  the  gradual  removal  of  the  whole  ridge  leaves  them  again 


biea  the  banks,  as  well  as  the  bottom,  are  unstable,  the  river- 
channel  undergoes  a  continual  alteration  of  form  and  position.  If 
the  banks  are  straight,  they  soon  become  cui*ved,  for  a  very  slight 
accidental  obstacle  is  sufficient  to  divert  the  main  current  so  that  it 
acts  more  strongly  on  one  bank  than  on  the  other :  the  former  bank 
is  scooped  away,  and  becomes  concave,  and  the  earthy  matter  sus- 
pended in  the  stream  is  deposited  in  the  less  rapid  part^  so  as  to 
make  the  opposite  bank  convex.  A  curved  part  of  a  river-channel 
tends  to  become  continually  more  and  more  curved;  for  the  centri- 
fugal force  (or  rather  the  tendency  of  the  particles  of  water  to 
proceed  in  a  straight  line)  causes  the  particles  of  water  to  accumu- 
late towards  the  concave  bank;  the  current  is  consequently  more 
rapid  there  than  towards  the  convex  bank,  and  it  scoops  away  both 
the  bank  and '  the  bottom  (unless  they  are  able  to  resist  it),  and 
deposits  the  material  in  some  flower  pai-t  of  the  stream :  thus  the 
line  of  the  strangest  current  is  always  rnwre  circuitous  than  the  centre 
line  of  the  channel;  and  the  action  of  the  current  tends  to  make  the 
concave  banks  more  concave,  the  convex  banks  more  convex,  and 
the  whole  course  of  the  river  more  serpentine.  This  goes  on  until 
the  current  meets  some  material  which  it  cannot  sweep  away,  or 
until,  by  the  lengthening  of  the  course  of  the  stream  and  the  con- 
sequent flattening  of  its  declivity,  its  velocity  is  so  much  induced 
that  it  can  no  longer  scoop  away  its  banks,  and  stability  is  estab- 
lished. In  some  cases  stability  is  never  established;  but  the  river 
presents  a  serpentine  channel  which  continually  changes  its  form 
and  position. 

One  of  the  chief  objects  of  engineering,  in  connection  with  the 
channels  of  streams,  is  to  protect  their  banks  against  the  wearing 
action  of  the  current,  so  as  in  some  cases  to  give  tiiem  that  stability 
which  they  want  in  their  natiu:al  condition,  and  in  other  cases  to 
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give  them  the  additional  stability  that  is  required  in  order  to  resst 
an  increased  velocity  of  cnirent,  produced  by  improvements  in  the 
course  and  form  of  the  channeL 

469.  Pf«tMciMi«r  BiTc^BaiilM. — ^The  most  efficient  proteetwn 
to  the  banks  of  a  stream  is  a  thick  growth  of  water-plants;  but  as 
these  fonn  a  serious  impediment  to  the  current,  artificial  protecti<m 
must  be  substituted  for  them,  at  least  below  the  avemge  water- 
leveL  Above  that  level  a  plantation  of  small  willows  forms  a  good 
defence  against  the  destructive  action  of  floods;  but  it  is  not  appli- 
cable where  there  is  a  towing-path.  The  means  of  artificially 
protecting  river-banks  may  be  thus  classed: — I.  Fasdnes.  it 
Timber  sheeting.  IIL  Iron  sheeting.  IV.  Crib-work.  V.  Stone 
pitching.     VL  Retaining  walls.     VII.  Groins. 

I.  Faacine8y  already  referred  to  in  Article  417,  p.  625,  are- 
bundles  of  willow  twigs  from  9  to  12  inches  in  diameter :  the  laigi^ 
are  about  20  feet  long,  but  12  feet  is  a  more  common  length  :  thev 
are  tied  at  every  4  feet,  or  thereabout&  For  the  protection  of  a 
river-bank  bdow  the  low  toater-levd  an  "apron"  or  "beard"  is  laid, 
consisting  of  fascines  lying  with  their  length  up  and  down  the  slope 
of  the  bank ;  the  upper  ends  are  fastened  down  to  the  bank  with 
stakes  about  4  four  feet  long;  the  lower  ends  are  sunk,  and  held 
down  under  water  by  loading  them  with  stones.  To  protect  the 
bank  above  the  low  vxUer-Uvel  fascines  are  laid  horizontally  in  layerss 
with  their  butt  ends  towards  the  stream,  so  as  to  form  a  series  of 
steps  rising  at  the  same  rate  with  the  slope  of  the  lower  part  of  the 
bank,  or  nearly  so  (say  from  1  to  1  to  3  to  1);  each  layer  is&stened 
down  with  three  rows  of  stakes  4  feet  long ;  the  heads  of  the  stakes 
rise  8  inches  or  thereabouts  above  the  fascines,  and  are  laoed  or 
wattled  with  wicker-work,  so  as  to  form  a  crib  for  the  retention  of 
a  layer  of  gravel 

Fascines  usually  last  6  years  above  the  low  water-level  and  10 
years  below. 

II.  Tifnber  Sheeting  may  consist  either  of  sheet-piles  (alresdy 
described  in  Article  404,  p.  605)  or  of  guide-piles  and  horizontsJ 
planks,  described  in  Article  409,  p.  613.  The  wales  of  tbe  sheet- 
piling  or  the  guide-piles  of  the  planking  must  be  tied  back  to 
anchoring-plates  made  of  planks  buried  in  a  firm  stratum  of 
earth  at  a  sufficient  distance  back  ftom  the  bank.  The  holdmg 
power  of  such  anchoring-plates  depends  on  the  same  prindjdes 
as  that  of  iron  anchoring-plates,  as  to  which,  see  Article  2Ti, 
p.  410. 

IIL  Iron  Sheeting  has  already  been  described  in  Article  404,  p 
606.  It  is  sometimes  used  for  the  faces  of  quays  in  navigable  rivei^ 
being  tied  back  to  anchoiing-plates.     (Article  272,  p.  410.) 

IV.  As  to  CrilMoork,  see  Article  409,  p.  614.     When  used  for  a 
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quay  or  {iver-bank  its  interstices  are  rammed  full  of  day  and 
gravel 

V.  Dry  Stone  Pitching  is  used  to  protect  earthen  banks,  of  slopes 
ranging  from  that  of  1  to  1  to  that  of  2  to  1,  or  flatter.  It  consists 
of  stones  roughly  squared,  and  laid  by  hand  in  courses.  Its  thick- 
ness is  usually  from  8  to  12  inches  at  the  top,  and  increases  in 
going  down  at  the  rate  of  2  or  3  inches  per  yard.  The  foot  of  the 
pitching  must  abut  against  a  foundation  sufficient  to  prevent  it 
from  slipping.  Such  a  foundation  may  be  made  by  sinking  a  row 
of  oblong  baskets,  each  containing  about  2  cubic  yards  of  gravel,  or 
by  driving  a  row  of  piles  with  horizontal  wales  at  the  inner  side  of 
their  heads ;  the  strength  of  the  wales  is  a  matter  of  calculation ; 
they  have  to  resist  a  maximum  pressure  =  weight  of  pitching  x  rise 
of  slope  -f-  length  of  slope,  the  friction  of  the  pitching  on  the 
earth  being  neglected  for  the  sake  of  security. 

VL  Retaining  WaUa  are  used  chiefly  where  quays  are  required, 
and  will  be  again  mentioned  further  on. 

VII.  Groins  are  small  dykes  projecting  at  right  angles  to  the 
Ixtnk  to  be  protected,  and  are  made  either  of  loose  stones,  of  piles 
and  planks,  or  of  wattled  stakes.  Each  groin  protects  a  portion  of 
the  bank  of  Ahont  Jive  times  its  own  length,  and  usuaUy  causes  the 
current  ih&t  sweeps  round  its  point  to  scoop  out  an  excavation  in 
the  bottom  of  the  channel  of  a  breadth  equal  to  about  one-quarter 
of  the  length  of  the  groin,  the  material  scooped  out  being  deposited 
in  the  space  between  the  groina  Groins,  besides  being  an  obstruc- 
tion to  the  current,  are  injurious  to  the  regularity  of  figure  and 
stability  of  the  bottom  of  the  channel,  and  should  only  be  used  as  a 
temporaiy  expedient  to  protect  the  banks,  until  works  of  a  better 
description  can  be  completed. 

470.  impMremeiit  m€  ]iirer43iHiMaeiB- — ^The  defects  in  a  river- 
chaimel  which  are  to  be  removed  by  improvements  are  usually  of 
the  following  kinds: — The  channel  may  be  too  shallow,  either 
generally  or  in  particular  places;  it  may  be  too  narrow,  either 
generally  or  in  particular  places;  it  may  even  in  particular  places 
be  too  wide,  if  the  breadth  is  so  great  as  to  cause  the  formation  of 
shoals  by  enfeebling  the  current;  its  declivity  maybe  too  flat, 
either  from  the  existence  of  obstacles,  such  as  shoals,  islands,  weirs, 
ill-constructed  bridges,  or  the  like,  or  from  its  course  being  too 
circuitous ;  occasionally,  but  rarely,  the  declivity  may  be  too  steep 
at  particular  places,  giving  rise  to  a  current  so  rapid  as  to  make  it 
impossible  to  preserve  the  stability  of  the  bed;  but  this  defect 
generally  arises  from  the  declivity  being  too  flat  elsewhere ;  it  may 
contain  sharp  turns,  injurious  to  the  stability  of  the  banks;  it  may 
be  divided  into  branches,  so  as  to  enfeeble  the  current 

Setting  aside  for  the  present  diveraiona  of  the  cowrse  of  a  river. 
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which  will  be  considered  in  the  next  article,  the  wwks  fer  ihe 
improTement  of  the  channel  consist  mainly  of: — ^L  EzcaTations  to 
ramove  islands  and  shoals,  and  widen  narrow  plaoesL  £L  B^olstiiig 
dykes,  to  contract  wide  shallows.  ILL  Works  for  stoj^ing  nad&s 
faranchea 

Before  commencing  alterations  of  any  kind  in  a  liTer-channel 
careful  calcnlations  should  be  made,  according  to  the  prindp^ 
explained  in  Section  L  of  this  chapter,  of  the  probable  effect  of 
snch  alterations  on  the  level,  declivity,  and  velocity  of  the  coirait 
in  different  states  of  the  river.  The  object  kept  in  view  should  be 
to  obtain  a  channel  either  of  nearly  uniform  section,  or  of  a  sectbn 
gradually  enlaiging  from  above  downwards,  with  a  carrent  tiiat 
shall  be  sufficient  to  dischaige  flood-wat^:^  without  overflowing  the 
banks  more  than  can  be  avoided,  and  at  the  same  time  not  so  rapid 
as  to  make  it  difficult  or  impossible  to  preserve  the  stability  of  the 
channel 

All  improvements  of  river-channels  should  be  begun  at  the 
lowest  point  to  be  altered,  and  continued  upwards;  because  eveiy 
improvement  takes  effect  on  the  parts  of  the  stream  above  itw 

L  ExeavcUian  under  water,  by  hand  dredging,  madiine  dredging, 
and  blasting,  has  been  described  in  Article  410,  pi  614.  When  the 
current  is  at  a  low  level,  it  may  occasionally  be  advantageous  to 
excavate  parts  of  the  bed  bv  enclosing  them  with  temporary  dams 
as  if  for  foundations  (Artide  409,  p.  611),  and  laying  th^n  diy. 
Excavation  of  a  muddy,  sandy,  or  gravelly  bottom,  by  the  aid  of  the 
current,  is  performed  by  mooring  at  the  place  to  be  deepened  a 
boat,  fiimished  with  a  transverse  projecting  frame  covered  with 
boards  or  canvas;  this  frame  descends  to  within  3  or  4  inches  of 
the  bottom  of  the  channel,  and  the  current,  forced  through  that 
narrow  opening,  scoops  out  the  material  and  sweeps  it  away.  From 
30  to  70  cubic  yards  per  day  have  been  excavated  in  this  mannar 
with  a  single  boat 

IL  Re^daiing  Dykes  should  be  adopted  with  great  caution,  and 
only  where  the  exoeasive  width  of  the  channel  is  an  undoubted 
cause  of  shaUowness.  They  should  not  in  any  case  rise  much 
above  the  low  watei^level,  lest  they  contract  too  much  the  spmoe 
for  flood-watera.  They  may  be  bmlt  either  of  dry  stone,  with  a 
slope  of  about  1  to  1,  or  of  wattled  piles  and  gravel  The  ordinary 
rules  for  the  constxiiction  of  dykes  of  the  latter  kind  are  as 
follows : — ^The  piles  in  a  double  row  to  be  driven  into  the  ground 
to  a  depth  equal  to  twice  the  depth  of  water;  their  diameter  not 
less  than  l-20th  of  their  length;  their  distance  apart  longitudinally 
to  be  equal  to  the  depth  of  water;  the  distance  transvonsely 
between  the  rows  of  piles  to  be  once  and  a-h^  the  depth  of 
water.     They  are  to  be  tied  together  transverselyi  and  wattled  with 
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willow    twigs,  and  the  space  between  the  two  raws  filled  with 
gravel 

IIL  The  Stopping  of  Brcmckea  should  be  performed  at  their 
upper  ends.  Li  a  gentle  current  it  may  be  effected  by  means 
of  an  embankment  of  stones  and  gravel,  advancing  simultaneously 
from  the  two  banks  until  it  is  closed  in  the  centre;  in  a  more 
rapid  stream  a  dyke  of  wattled  piles  and  gravel,  made  as  already 
described,  may  be  used ;  should  the  current  be  too  strong  for  either 
of  these  plans,  a  raft,  boat,  or  caisson  (Article  409,  Division  III., 
p.  613),  or  a  crib-work  dam  (Article  409,  Division  IV.,  p,  614), 
loaded  with  stones,  is  to  be  moored  across  the  stream  and  sunk. 
The  branch  channel  having  had  its  current  stopped  will  silt  up 
of  itself. 

471.  i»iveni*M  •r  BiTwChAaBdi  are  usually  adopted  for  the 
purpose  of  rendering  the  course  less  circuitous.  In  designing  them 
regard  should  be  had  to  the  principles  already  explained  in  Section 
I.  of  this  chapter,  and  in  the  prec^ng  articles  of  this  section ;  and 
care  shoidd  be  taken  not  to  make  the  course  too  direct,  lest  the 
current  be  rendered  too  rapid  for  the  stability  of  the  bed  A 
slightly  curved  channel  is  idways  better  than  a  straight  channel ; 
because  in  the  former  the  main  current  takes  a  definite  course, 
being  always  nearest  the  concave  bank;  whereas  in  a  straight 
channel  its  course  is  liable  to  keep  continually  changing. 

The  form  of  cross-section  with  a  horizontal  base  and  doping  sides 
which  gives  the  least  friction  with  a  given  area  has  already  been 
described  in  Article  451,  p.  688,  and  it  may  be  adopted  if  the 
stream  is  to  act  solely  as  a  conduit  for  the  conveyance  of  water ; 
but  should  it  be  navigable,  a  figure  must  be  adopted  suited  to  the 
convenience  of  the  navigation.  This  will  be  furtiier  considered  in 
Chapter  III.  of  this  part 

472.  A  Wefap  is  an  embankment  or  dam,  usually  of  stone,  some- 
times o£  timber,  constructed  across  the  channel  of  a  streauL  As  to 
its  effect  on  the  water-level,  see  Articles  452  and  453,  pp.  689 
and  670. 

When  erected  for  purposes  of  water-power  or  water-supply,  the 
object  of  a  weir  is  partly  to  make  a  small  store  reservoir,  but 
principally  to  prolong  a  high  top  water-level  from  its  natural 
situation  at  a  place  some  distance  up  the  stream,  to  a  place  where 
water  is  to  be  diverted  from  the  stream  to  drive  machinery,  or  for 
some  other  purpose.  When  erected  for  purposes  of  navigation,  the 
object  of  a  weir  is  to  produce  a  long  reach  or  pond  of  deep  and  com* 
paratively  still  water,  in  a  place  where  the  river  is  naturally 
shallow  and  rapid. 

In  planning  a  weir  three  things  are  to  be  considered :  its  line 
and  position,  its  form  of  cross-section,  and  its  constniction. 
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I.  Line  and  PotUion  of  a  Weir. — It  is  best  to  avoid  simpiT 
curved  parts  of  a  river-channel  in  cbocNsing  the  site  of  a  weir,  kst 
the  rapid  current  which  rashes  down  its  iauce  in  times  of  flood 
shoold  undermine  the  concave  bank.  For  the  protection  of  the 
bgmks  in  anj  case,  it  is  advisable  so  to  form  the  weir  that  the 
cascade  from  the  lateral  parts  of  the  crest  shall  be  directed  firam  the 
banks,  and  towards  the  centre  of  the  channel.  This  maj  be  effected 
either  by  making  the  weir  slightly  carved  in  plan,  with  the  cost- 
cavitj  at  the  down-stream  side,  or  by  making  it  like  a  V  in  pbiu 
with  the  angle  pointing  up  stream.  Another  mode  of  protediiig 
the  banks  is  to  make  the  crest  of  the  weir  slightly  higher  at  the 
ends  than  in  the  middle,  so  that  the  lateral  parts  of  ^e  cascade 
may  be  too  feeble  to  do  damage. 

In  order  to  diminish  the  height  and  extent  of  backwater  during 
floods,  the  crest  of  the  weir  is  often  made  considerably  longer  than 
the  breadth  of  the  channel;  this  is  effected  either  by  malriTig  it 
cross  the  channel  obliquely,  or  by  using  the  V-ahape  alreadj 
described,  the  latter  method  being  the  b^  for  the  stability  of 
the  banks.  The  practical  advantage  of  such  increased  length 
is  doubtful 

II.  Form  of  Crosg-tecHon. — ^The  back  or  up-stream  side  of  a 
weir  is  usually  steep,  ranging  from  vertical  to  a  slope  of  about  1  to 
1 ;  the  top  is  either  level  or  slightly  convex,  and  not  less  than 
about  2  or  3  feet  broad.  In  designing  the  front  or  down-stream 
slope  of  a  weir,  the  principal  object  is  to  prevent  the  cascade  that 
rushes  over  it  from  undermining  its  base.  The  commonest  method 
is  to  use  a  long  flat  slope  of  3  to  1,  4  to  1,  or  o  to  1,  in  order  tiiat 
the  speed  of  the  current  may  be  diminished  by  friction,  and  that 
it  may  strike  the  bottom  of  the  channel  very  obliquely.  A  further 
protection  is  given  to  the  river-bed  by  continuing  the  front  slope  a 
short  distance  below  the  bottom  of  the  channel,  and  then  curving 
it  slightly  upwards.  Another  method  is  to  make  the  front  of  Ihe 
weir  present  a  steep  or  nearly  vertical  face,  over  which  the  water 
falls  on  a  nearly  level  apron  or  pitching  of  timber  or  stone. 
Probably  the  best  method  would  be  to  form  the  front  of  the  weir 
into  a  series  of  steps,  presenting  steep  &oes  and  flat  fdatfonns 
alternately,  the  general  inclination  being  about  3  to  1;  thus  a 
great  fall  might  be  broken  up  into  a  series  of  small  fidlsy  each 
incapable  of  damaging  the  platform  which  receives  it. 

III.  Constructitm. — In  order  that  the  water  of  the  pond  may 
not  force  its  way  under  iiie  base  of  a  weir,  or  round  its  ''  roots*' 
(as  the  ends  which  join  the  banks  of  the  stream  are  called),  its 
foundation  should  be  examined,  chosen,  and  formed  with  precautions 
similar  to  those  used  in  the  case  of  a  reservoir  embankmeant^  as  to 
which,  see  Articles  461  and  463,  pp.  701  to  704. 
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To  make  a  weir  of  timber,  or  of  timber,  stones,  and  clay  com- 
bined,  any  of  the  methods  may  be  employed  which  have  been 
described  under  the  head  of  "Dams,'*  in  Article  409,  Divisions 
U,  IIL,  and  IV.,  with  the  addition  that  the  back,  crest,  and  front 
of  the  dam  are  to  be  covered  with  planking  laid  parallel  to  the 
current,  to  form  an  oveifall  for  the  water;  and  that  the  bottom  of 
the  channel  at  the  foot  of  the  weir  is  to  be  protected  either  by  a 
platform  of  planks  resting  on  a  timber  grating  or  on  piles,  or  by  a 
stone  pitching. 

A  weir  of  fascines  may  be  built  of  horizontal  layers  of  fascines, 
staked  down  with  mixed  clay  and  gravel  packed  between  them,  in 
the  manner  described  under  the  head  of  the  protection  of  river-banks, 
Article  469,  p.  710,  the  crest,  front,  and  foot  of  the  dam  being  pro- 
tected with  an  apron  of  fascines,  like  that  described  in  the  same 
article. 

A  dn/  stone  weir  is  formed  like  the  stone  embankments 
mentioned  in  Article  412,  p.  617,  with  a  steep  slope  at  the 
bank  and  a  long  gentle  slope  in  front,  pitched  or  faced  with 
roughly  squared  stones  set  in  courses,  as  in  the  pitching- of  a 
river-bank.  Article  469,  p.  711.  Sometimes  a  skeleton  crib  of 
timber,  consisting  of  piles  and  longitudinal  and  transverse  hori- 
zontal wales  is  constructed  in  order  to  keep  the  stones  of  the 
pitching  in  their  places.  As  to  the  pressure  against  the  longi- 
tudinal wales,  see  the  article  just  quoted. 

A  weir  of  solid  masonry  may  be  founded,  like  other  structures 
under  water,  on  the  natural  ground,  on  a  bed  of  concrete,  on  a 
timber  platform,  or  on  piles,  according  to  circumstances.  (See  Part 
II.,  Chapter  VI.,  Section  II.,  p.  601.)  When  it  has  a  timber 
foundation,  a  row  of  sheet-piles  at  the  base  of  the  up-stream  side 
will  in  general  be  necessary  to  prevent  the  passage  of  water  under 
it;  and  in  the  grating  of  the  platform,  pieces  of  timber  running 
continuously  through  the  weir  in  the  direction  of  the  stream 
should  be  avoided,  lest  they  should  conduct  water  along  their 
sides.  The  masonry  should  be  built  in  cement,  or  in  quickly- 
setting  hydraulic  mortar;  the  heart  of  the  weir  may  be  of  coursed 
bubble,  or  of  concrete  laid  in  layers;  but  the  &cing  should  be  of 
good  block-in-course,  or  of  hammer-dressed  ashlar,  and  the  crest 
should  form  a  coping  of  large  stones,  all  headers,  dowelled  to  each 
other. 

One  of  the  most  effectual  ways  of  preventing  filtration  round  the 
^'  roots"  of  a  weir  is  to  cany  them  a  considerable  distance  into  the 
bank;  but  in  the  case  of  a  weir  of  masonry  the  ends  often  abut 
upon  a  pair  of  side-walls,  running  along  the  banks  of  the  stream, 
and  having  counterforts  behind  them  to  interrupt  filtration. 

IV.  Appendages  of  a  Weir — Sluices  and  Floodgalea — Salmon- 
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jfotV.— When  a  weir  is  bailt  across  a  navigable  river,  it  requres  t 
lock  for  the  passage  of  veasels,  which  will  be  again  mentamted 
further  on.  It  may  have  one  or  more  outlets  with  vaheb,  like 
those  of  a  reservoir  embankment  (Article  464,  pi  705),  aooordisgto 
the  purpose  for  which  it  is  intended. 

It  is  almost. always  neoeaaaiy  to  provide  a  weir  with  wv^ 
slnioes  or  floodgates,  to  be  opened  when  the  river  is  high,  in  order 
to  prevent  too  great  a  rise  of  backwater.  A  sluice  is  a  slidiDg 
valve  of  timber  or  iron,  moving  in  guides,  which  are  in  geneitl 
vertical,  set  in  a  rectangular  passage  of  tamber  or  mssoniy,  and 
opened  and  shut  by  means  of  a  screw,  or  of  a  rack  and  pinion  h 
is  advisable  not  to  make  any  sluice  wider  than  about  4  or  5  feet 
Should  a  greater  width  of  opening  be  required,  the  passage  throogli 
the  weir  is  to  be  divided  by  walls  or  piers  into  a  sufficient  number 
of  parallel  passages,  each  furnished  with  a  iluiceL  As  to  the  (ii$- 
cluurge  through  a  sluice,  see  Articles  448,  449,  p.  681. 

Another  mode  of  opening  and  closing  flood^eUies  in  a  weir  is  b? 
means  of  TuedUSy  as  they  are  called.  A  rectangular  channei 
through  the  weir  is  crossed  at  the  bottom  by  a  fixed  timber  aiil, 
and  near  the  top  by  a  moveable  timber  sill,  resting  in  two  notches. 
The  strength  of  the  sills  is  a  matter  of  calculation :  they  have  to 
withstand  the  pressure  of  the  water  on  a  flat  surface  dosiog  the 
passage.  That  surface  is  made  up  of  the  *'  needles,"  which  are  & 
set  of  square  bars  of  wood  strong  enough  to  withstand  the  presore, 
which  are  ranged  close  together  side  by  side  in  a  vertical  position 
at  the  up-stream  side  of  the  sills.  Each  needle  has  a  cylindrical 
handle  at  its  upper  end,  to  hold  it  by  in  removing  and  replactog  it 

As  to  gdZ-aeUng  toaste^tdoegy  see  A  Manual  qfthe  Steam  Engm 
and  oiher  Prime  Movers^  Article  139,  p.  153. 

A  weir  across  a  river  frequented  by  salmon  requires  a  passage  or 
channel  to  enable  those  fi^  to  ascend  its  front  ^ope.  Mr.  ^tfa 
of  Deanston  introduced  the  practice  of  making  that  channel  of  a 
sig-zag  form,  so  as  to  reduce  its  rate  of  declivity  and  bring  the 
speed  of  the  current  in  it  within  moderate  limits. 

A  moveable  weir  consists  in  general  of  a  water-tight  pbnked 
timber  gate,  placed  in  a  rectangular  passage  of  masoniy  or  timb^. 
and  capable  of  turning  upon  a  horizontal  hmge  at  the  floor  of  the 
passage,  so  as  to  be  either  laid  flat  when  the  channel  is  to  be  left 
clear,  or  set  at  any  required  angle  of  elevation,  sloping  against  the 
declivity  of  the  stream,  with  oblique  struts  to  prop  it  at  Uie  dowD- 
stream  side.  In  one  ingenious  modification  of  this  weir  the  duty 
of  the  struts  is  performed  by  a  second  and  smaller  gate,  alao  turning 
on  a  horizontal  hinge  at  the  floor  of  the  passage,  but  so  as  to  slope 
with  the  stream.  When  the  passage  is  clear,  both  gates  lie  fl^t  io 
a  horizontal  recess  in  the  floor  of  the  passage,  the  smaller  gate 
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undermost  and  the  upper  surface  of  the  larger  gate  flush  with  the 
floor.  When  the  weir  is  to  be  raised^  water  is  admitted  through  a 
valye  and  culvert  from  the  up-stream  side  of  the  weir  passage  into 
the  recess  below  the  gates;  its  pressure  lifts  them  both  until  they 
form  a  weir  of  a  triangular  section,  the  larger  gate  making  the  up* 
stream  slope  and  the  overfall,  and  the  smaller  making  the  down- 
stream slope,  and  acting  at  the  same  time  as  a  strut  to  prop  the 
larger  gate.  When  the  weir  is  to  be  lowered,  the  mass  of  water 
contained  below  the  gates  is  allowed  to  escape  by  opening  a  valve 
in  a  culvert  which  leaids  to  the  down-stream  side  of  the  weir;  and 
both  gates  then  fiedl  flat  into  the  recess  of  the  floor.* 

473.  iiiTcr  Bridge*. — ^The  construction  of  the  foundations  on 
land  and  in  water,  and  of  the  superstructures,  of  bridges  of  various 
materials  having  been  explained  in  Part  IL  of  this  work,  and  their 
adaptation  to  roads  and  railways  in  the  preceding  chapter,  it  is 
iiow  only  necessary  to  state  those  principles  which  are  specially  ap- 
plicable to  bridges  over  rivers. 

In  choosing  the  site  of  a  bridge  which  is  to  have  piers  in  the 
river,  sharply  curved  parts  of  the  channel  should  be  avoided,  lest 
the  increased  rapidity  of  the  current  caused  by  the  narrowing  of 
the  water-way  should  undermine  the  concave  bank. 

The  current  should  be  crossed  at  right  angles,  or  as  nearly  so  as 
practicable.     The  abutments  should  not  contract  the  water-way. 

The  piers,  if  any,  should  stand  with  their  length  exactly  in  the 
direction  of  the  current;  they  should  have  pointed  or  cylindrical 
cutwaters  at  both  ends,  to  diminish  the  obstruction  to  the  current 
which  they  produce ;  and  they  should  be  no  thicker  than  is  neces- 
sary for  the  safety  of  the  bridge.  (As  to  stone  piers  in  particular, 
see  Article  293,  p.  428.) 

The  springing  of  the  arches  should  be  above  the  highest  ordinary 
water-level,  and  as  much  higher  as  the  convenience  of  the  navi- 
gation may  require;  and  care  should  be  l^en  that  sufficient  water- 
way is  provided  for  the  greatest  flooda  The  crown  of  the  lowest 
arches  should  be  at  least  three  feet  above  the  flood-level,  that  they 
may  allow  floating  bodies  to  pass  through. 

It  may  here  be  observed  that  the  figure  of  arch  which  gives  the 
greatest  water-way  for  a  given  rise  and  span  is  the  ''  hydrostatic 
arch."    (See  Article  283,  p.  419.) 

*  In  ofder  to  do  away  as  far  as  possible  with  the  obstmcUon  occarioned  by  wein, 
it  has  been  proposed  by  Hngh  Mackenzie,  Esq.  of  Aidross,  that  in  those  eases  in  which 
the  fall  of  the  stream  is  solBciently  rapid,  and  the  oonntry  in  other  respects  suitable^  the 
diversion  of  water  from  a  stream  for  the  purpose  of  obtslning  power  should  be  effected 
by  making  a  tunnel  with  suitably  formed  grated  apertures  in  its  rool^  under  the  bed 
of  the  stream,  at  a  point  where  its  water-level  has  sufficient  elevation,  and  so  conduct- 
ing the  water  into  a  mill-lead  of  sofficiently  large  size  and  moderate  deeliviQr. 
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Shoold  it  BffpoKT,  apon  an  ezunination  <^  the  land  safa^ect  to  in- 
undation at  and  near  the  site  of  the  intended  biidge,  1^  soch 
land  acts  not  merely  as  a  res^roir  for  flood-waters,  bnfe  as  a  ^de 
tempoiaiy  channel  for  their  dischazge,  that  land  should  be  croeftd 
by  a  viaduct,  and  not  by  embanked  I4)proaches. 

In  designing  a  biidge  for  canying  an  ordinary  road  OTer  a  river, 
it  is  usual,  in  order  to  obtain  the  greatest  headroom  poesdble  goq- 
sistent  with  economy  in  forming  the  approaches,  to  give  the  road- 
way an  ascent  from  the  ends  of  the  approaches  to  the  middle  of  tlie 
bridge,  at  a  rate  not  exceeding  the  ruling  gradient  of  the  road;  aD*i 
to  suit  the  arches,  when  there  are  more  than  one,  to  the  fonn  of 
the  roadway,  the  centre  arch  is  made  the  largest^  and  the  others 
gradually  diminish  in.  size  towards  the  ends  of  the  bridge.  They 
diould,  at  the  same  time,  be  so  proportioned  as  to  exert  as  nesrij  i^ 
possible  equal  horizontal  thrust 

Swing  bridges  for  navigable  rivers  will  be  again  mentiaDed 
further  on. 

Ice-breakers  are  required  for  the  protection  <^  the  piers  of  bridges 
across  rivers  which  bring  down  large  masses  of  ic& 

A  eUme  icebreaker  usually  forms  part  of  the  up-stzcam  cat- 
water  of  the  pier  to  which  it  belongs,  presenting  to  the  coizeDt  s 
ridge  sloping  at  about  45^,  up  whi<£  the  flat  sheets  of  ice  slide, 
and  break  asunder  by  their  own  weight  Examples  of  such  ic^ 
breakers  are  shown  in  the  view  of  the  Victoria  Bridge^  fig.  ^^. 
p.  533. 

A  tiniher  icebreaker  stands  usually  separate  from  the  pier  vMch 
it  protects,  at  a  short  distance  up-stream.  The  sloping  ridge  i^ 
formed  by  a  beam  of  12  or  11  inches  square,  covered  with  ebeet 
iron.  Its  base  consists  of  piles,  ranged  in  the  form  of  a  long  ^^' 
triangle  with  the  point  up-stream,  connected  with  the  rid^  bj « 
strong  framework  of  uprights  and  diagonals,  which  are  protect^ 
against  the  ice  by  projecting  horizontal  walea 

(On  the  subject  of  liver  bridges,  see  Telford's  and  Smeston  s 
BeparU,  and  the  work  On  Bridges  by  Mr.  Hosking  and  oUiers^ 

474.  AMiflrtel  WaiM>caauMi«~c«a4aii» — ^In  laying  out  ana 
designing  artificial  water-channels  it  is  advisable,  if  possible^  so  ^^ 
fix  the  declivity  with  reference  to  the  length,  that  the  vekxa^ 
shall  not  be  less  than  about  one  foot  per  second  (lest  the  ooBdmt 
silt  up),  nor  greater  than  about  four  feet  per  second  (lest  ^ 
current  should  sweep  stones  along,  and  injure  the  bed)L 

As  to  the  laiger^sized  artificial  water-channels,  and  as  to  thoee 
of  all  sizes  which  are  merely  to  be  used  as  open  drains,  wh^  ^J 
are  wholly  in  cutting,  it  is  unnecessary  to  add  anything  to  yhat 
has  already  been  stated  respecting  river^hannels,  and  espedaUj 
respecting  their  diversions,  Article  471,  p,  713^     Artificial  earthen 
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cbamiels  in  embankment  will  be  considered  nnder  tbe  bead  of 
canals. 

Wben  a  cbannel  is  to  convey  water  for  tbe  supply  of  a  town^  it 
is  usual,  witb  a  view  to  the  clearness  and  purity  of  the  water^  as 
well  as  to  the  preservation  of  the  cbannel,  to  line  it  throughout 
witb  brick  or  stone  built  in  cement;  and  in  most  cases  it  is  neces- 
sary to  cover  it  also,  especially  if  it  traverses  districts  where  the  air 
is  smoky  and  otherwise  impure.  When  brick  or  porous  stone  is 
used,  the  water-way  may  be  lined  throughout  with  a  coating  of 
cement,  calcareous  or  asphahia 

Tbe  water-way  of  a  stona  or  brick  <xmdmt  should  be  made  of  one 
of  those  forms  which  give  the  greatest  hydraulic  mean  depth  for  a 
figure  of  given  class  and  a  given  area;  that  is  to  say,  the  semi- 
circle, the  half-square,  or  the  half-hexagon,  already  referred  to 
in  Article  451,  p.  688.  To  preserve  a  constant  definite  fiow 
it  may  have  a  series  of  waste-weirs  along  its  sides,  placed 
in  positions  where  there  are  convenient  channels  at  band  for 
discharging  tbe  waste  water.  Should  it  be  necessary  to  cany  it 
along  an  embankment,  that  embankment  should  be  formed  in  thin 
layers,  each  well  rammed,  and  should  if  possible  contain  a  large 
mixture  of  stones  with  the  earth;  tbe  breadth  at  the  top  should  be 
firom  4  to  6  feet  at  each  side  of  tbe  conduit,  so  that  the  total 
breadth  at  the  brink  of  tbe  conduit  will  be  ss  breadth  of  water- 
way +  from  8  to  12  feet,  and  the  masonry  of  the  conduit  should 
be  imbedded  in  puddle  or  in  hydraulic  concrete. 

The  best  form  for  a  covered  conduii  to  convey  a  constant  flow,  as 
for  the  supply  of  a  town,  is  cylindrical.  To  guard  it  against  fix>st  it 
should  be  completely  covered  with  earth  to  the  depth,  in  Britain,  of 
about  3  feet,  the  hank  being  fiioed  witb  sods.  When  it  forms  a 
tunnel,  or  is  placed  in  deep  cutting  and  covered  with  earth, 
its  strength  is  regulated  by  the  principles  of  Article  297  a, 
p.  433. 

One  of  the  largest  cylindrical  conduits  yet  executed  is  that  of 
the  Loch  Elatrine  Water- Works,  8  feet  in  diametei*. 

A  covered  conduit  should  be  provided,  like  a  tunnel,  with 
grated  ventilating  shafts,  which  will  also  serve  to  admit  men 
for  tbe  purpose  of  repairing  it. 

When  the  fiow  varies  very  much,  as  in  sewers,  an  egg-shaped 
section  with  the  small  end  down  is  preferred. 

A  recent  invention  in  conduits  is  that  of  Mr.  Eichardson,  in 
which  a  cylinder  of  sheet  iron  is  lined  witb  brickwork  in  cement. 
It  is  suitable  for  making  large  conduits  possessing  great  strength 
and  stability  with  a  moderate  quantity  of  materials. 

475.  Jnacti^ns  of  Watev-Chaaaeii. — In  all  cases  in  which  a  pair 
of  water-channels  join  together  into  one,  their  centre  lines,  if 
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ponibley  should  be  a  pair  of  conresy  or  a  ciure  and  a  slzai^i  line 
touchiiig  each  other  at  the  junction;  or  should  an  an^  at  tbe 
junction  be  nDaToidable,  that  aiigle  ought  to  be  as  scute  u 
poflsibleL  This  principle  applies  also  to  the  dwergenee  of  a  Ixandi 
firom  a  main  channel,  and  to  pipes  as  well  as  to  &ee  channek 

476.  A«««*Mt  BiHjM  differ  firom  yiaducts  only  in  suppoiting  a 
wateiHTonduit  instead  of  a  road  or  a  lailvaj,  and  the  mechaDial 
principles  of  their  construction  involve  nothing  that  has  not  \xea 
already  explained  in  the  Second  Part  of  this  treatise. 

The  imter  conduit  or  trough  is  ususllj  of  the  same  mataial  idth 
the  rest  of  the  structure.  For  example,  in  a  stone  aqueduct  the 
conduit  is  of  masoniy,  imbedded  in  a  mass  either  of  puddle  c<r 
of  concrete,  resting  on  the  arch  and  contained  between  tbe  extera&l 
spandril  walls. 

In  some  recent  examples  of  wrought  iron  aqueducts  introduced  bj 
Mr.  Simpson,  the  water-channel  has  been  made  self-supporting  bj 
constructing  it  as  a  plate  iron  tubular  girder  of  oval  section.  In 
this  case  the  interior  of  the  tube  should  be  smooth,  that  it  maj  offar 
no  impediment  to  the  current  All  T-iron  stiffening-ribe,  kc, 
should  project  outside  only. 

Pipe-aqueducts  wiU  be  mentioned  further  on. 

477  Waieff-Pipeiw — The  diameters  of  water-pipes  are  fixed  with 
reference  to  the  vertical  declivity  and  the  intended  greatest  dis- 
charge, according  to  the  rules  explained  in  Article  450,  pi  6Si. 
The  materials  principally  used  in  making  pipes  for  the  oonvcjance 
of  laige  quantities  of  water  are  earthenware  and  iron. 

I.  Earthentcare  Pipes  are  of  various  qualities  as  to  texture,  from 
a  porous  material  like  that  of  red  bricks,  to  a  hard  and  compact 
material,  which  is  glazed  to  make  it  water-tight.  They  are  matle 
of  various  diameters,  from  2  inches  to  nearly  3  feet,  and  in  lengths 
of  from  1  foot  to  3  feet.  The  harder  kinds  have  considerable  tenaritr, 
and  are  capable  of  bearing  the  dead  pressure  of  a  high  column  of 
water;  but  they  are  so  easily  broken  by  sharp  blows  and  sudden 
shocks  that  it  is  not  advisable  to  expose  them  to  high  pressuiee  m 
situations  where  their  bursting  might  cause  damage  or  incon- 
venience. Hence  their  chief  use  is  as  small  covered  eoruktUs  for 
purposes  of  drainage.  Their  joints  are  most  commonly  cf  the 
spigot  and  faucet  form,  being  made  tight,  if  necessary,  with  cement, 
or  with  a  bituminous  mastic.  (Article  234,  p.  376.)  Another  form, 
veiy  useful  to  facilitate  laying  and  lifting  is  the  thtnible^oinL  The 
lengths  of  pipe  are  plain  hollow  cylinders,  and  the  thimble  is  a 
ring  embracing  and  loosely  fitting  the  adjoining  ends  of  a  pair  of 
lengtha  Sometimes  the  thimble  is  in  two  semicircular  halves; 
and  sometimes  each  pipe  has  on  one  end  a  half-fiiucet^  which  is  laid 
downwards;  the  end  of  the  adjoining  pipe  rests  in  the  half-laucet, 
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£%nd  tlie  joint  is  completed  hj  a  half-thimble  above.  Curved  and 
2i«ute-angled  junction-pieces  are  made:  so  also  are  right-angled 
Junction-pieces;  but  these  last  should  never  be  used. 

II.  Cast  Iron  Pipes  should  be  made  of  a  soft  and  tough  quality  of 
east  iron.  (See  Article  353,  p.  499.)  Great  attention  should  be  paid 
-to  moulding  them  correctly,  so  that  the  thickness  may  be  exactly 
uniform  all  round  Each  pipe  should  be  tested  for  air-bubbles  and 
flaws  by  ringing  it  with  a  hunmer,  and  for  strength  by  exposing  it 
to  double  the  intended  greatest  working  pressure. 

Cast  iron  wateivpipes  are  made  of  various  diameters  or  bores, 
from  2  inches  to  4  feet. 

They  are  usually  moulded  and  cast  horizontally,  the  sand  core 
being  supported  by  a  strong  horizontal  bar  with  projecting  teeth ; 
but  advantages  in  point  of  accuracy  and  soundness  are  possessed  by 
the  process  of  casting  them  vertically,  the  faucet  being  turned 
downwards,  and  the  plaui  end  upwards.*  The  pipe  is  cast  with  an 
additional  length  at  the  upper  end,  which  acts  as  a  head  (Article 
3o4,  p.  503),  compressing  Ihe  mass  below,  and  receiving  the  air- 
bubbles  ;  this  head  is  afterwards  cut  off. 

The  rule  for  computing  the  thickness  of  a  pipe  to  resist  a  given 
working  pressure  (the  factor  of  safety  being  six)  has  already  been 
given  in  Article  150,  equation  2,  p.  228,  the  pressure  and  the 
tenacity  of  the  iron  being  expressed  in  lbs.  per  square  inch ;  but  as 
it  is  more  convenient  to  express  those  quantities  m/eet  o/toater,  the 
following  rule  is  given : — 

thickness  _  greatest  working  pressure  in  feet  of  water     .,.  . 
diameter""  12^000  '    ^  ^^ 

There  are  limitations,  however,  aiising  fiK>m  difficulties  in  cast- 
ing, and  from  the  fact  that  the  most  severe  strain  on  a  pipe  is  often 
produced  by  shocks  from  without,  which  cause  the  thickness  of  cast 
iron  pipes  to  be  often  made  considerably  greater  than  that  given 
by  the  above  rule.  The  following  empirical  rule  expresses  very 
accurately  the  limit  to  the  thinness  of  cast  iron  pipes,  in  ordinary 
practice : — 

The  thickness  of  a  cast  iron  pipe  is  never  to  be  less  than  a  mean 
jrroportional  between  its  internal  diameter  a/nd  one-forty-eighth  of  an 
uvcIl 

It  is  very  seldom,  indeed,  that  a  less  thickness  than  3-8ths  of  an 
inch  is  used  for  any  pipe,  how  small  soever. 

Cast  iron  pipes  are  made  of  various  lengths;  but  the  most 
common  length  is   9  feet,  exclusive  of  the  faucet  or  socket  on 

«  Introdnoed  by  Mr.  D.  T.  Stewart 
3  a 


''21 


COMBIKED  aTRUCTUBBS. 


one  ond  of  «ich  length,  for  receiving  the  plain  end  o£  the  next 
length.  The  £ftucet  adds  from  one-twentieth  to  one-teeth,  to  ib 
wiMglit  of  the  pipe.  The  joints  are  sometimes  ran  np  with  mel:*  I 
leacl,  sometimes  turned  so  that  the  plain  end  and  the  faucet  fit  exacily. 
and  made  water-tight  with  red  lead  paint.  The  latter  is  the  ea^i^r 
and  quicker  process ;  but  the  former  admits  of  a  certain  amount  ot 
yielding  to  expansion  and  contraction,  and  to  the  unequal  settit- 
ment  of  the  ground,  which  is  an  advantage  in  point  of  safety. 

III.  The  beat  preservative  for  cast  iron  pij^es  against  oorrosior  := 
a  coating  of  pitch,  applied  both  inside  and  out,  by  a  process  vlii< : 
makes  it  peuetrate  the  pores  of  the  iron  to  a  certain  extent,  ai . 
adhere  very  firmly.  This  coating  appears  to  diminish  sensibly  th.' 
friction  of  the  water. 

IV.  In  estimating  the  greatest  working  pressure  which  a  va:.rr 
pi{ie  should  be  capable  of  resisting,  the  hydrostatic  presgure  dnti  t>< 
the  whole  depth  below  top-water  of  the  reservoir  whence  thv 
supply  enters  the  pipe,  and  not  the  mere  hydraulic presswre  vhz 
the  water  is  in  motion  (Article  446,  p.  675),  should  be  taken  iit> 
account,  in  order  to  provide  for  the  contingency  of  the  flow  of  tit 
water  bc»ing  checked  by  an  obstruction  in  the  pipe, 

Y.  The  loss  of  head  during  the  most  rapid  discharge  should  W 
computed  for  a  series  of  points  in  the  course  of  an  intended  pipe  by 
the  principles  explained  in  the  First  Section  of  this  diapter,8oa>i'' 
detei-niine  the  line  of  virtacd  declivitf/j  which  wiD  commence  at  a 
point  vertically  above  the  mouthpiece  of  the  pipe,  and  at  a  dt'i'U 
below  the  top-water  of  the  reservoir  equal  to  the  loss  of  head  dui- 
to  the  velocity  of  flow  in  the  pipe  and  the  friction  of  the  mouth- 
piece. The  object  of  determining  that  line  is  to  insure  tliat  it 
laying  out  the  levels  of  the  pipe  no  part  of  it  shall  be  made  to  ri-: 
above  the  line  of  virtual  declivity.  The  reason  for  this  rule  is,  th^'. 
at  all  points  in  a  pipe  which  are  above  that  line,  the  pressure,  ^heL 
the  water  is  flowing,  becomes  less  than  that  of  the  atmosphen-  is 
fact  commonly  described  by  saying  that  there  is  a  "partial  vacuum/] 
see  Article  443,  p.  673);  in  consequence  of  which  the  air,  which  .-uj 
water  contains  in  a  diffused  state,  escapes  from  the  water  ii- 
bubbles,  and  eventually  accumulates  in  the  highest  part  of  the  p:]^ 
so  as  to  obstruct  the  flow  of  the  water. 

A  pipe  thus  rising  above  the  line  of  virtual  declivity  is  callt^l  a 
siplion,  and  is  incapable  of  continuously  conveying  water  unle^ii  th^ 
air  be  from  time  to  time  exhausted  from  the  summit  of  the  pipe. 

Air  collects  to  a  certain  extent  at  the  summits  of  an  iindolatiiu: 
pipe  even  when  they  are  below  the  line  of  virtual  declivity;  but  as 
it  exerts  a  pressure  greater  than  that  of  the  atmosphere,  it  is  easily 
expelled.  A  small  cylindrical  receiver,  called  an  air4oci,  i^ 
placed  above  the  pipe  at  each  such  summit^  to  collect  the  air. 
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which  is  from  time  to  time  discharged  through  a  valva  That  valve 
may  either  be  opened  by  hand  occasionally,  or  it  may  be  loaded 
with  a  weight  equivalent  to  the  hydraulic  pressure,  and  made  self- 
acting. 

YI.  At  the  loujest  paints  in  an  undulating  line  of  water-pipe 
sediment  collects,  and  is  to  be  discharged  from  time  to  time  through 
a  decmsing  or  acowring  cock  or  valve. 

YU.  As  to  dide-vcUveSf  douhle-beat-valveSf  and  other  valves  and 
cocks  used  in  connection  with  water-pipes,  see  A  Mantial  of  Prime 
Jfovers,  Article  116,  p.  120,  and  Ai-ticles  119  to  123,  pp.  123  to 
126. 

YIII.  Sheet  Iron  Water-Pipes  lined  with  pitch  have  lately  been 
used  in  France. 

478.  Pipe-Track— Pipe-AqaedBcth — Care  should  be  taken  to  bed 
water-pipes  on  a  firm  foundation,  and  to  cover  them  to  a  sufficient 
depth  to  prevent  the  action  of  frost;  that  is,  in  Britain,  about  2  or 
3  feet. 

When  a  water-pipe  crosses  a  valley,  or  a  river-channel,  or  a  line 
of  communication,  it  may  sometimes  be  advisable  to  cany  it  above 
ground  by  means  of  an  aqueduct  This  may  be  a  bridge  of  any 
convenient  construction,  or  it  may  consist  simply  of  the  pipe  itself 
lying  on  a  series  of  piers,  and  cased  or  lined  with  wood,  or  other 
non-conducting  material,  for  protection  against  heat  and  cold.  For  a 
pipe-aqueduct  of  wide  span,  the  pipe  itself  may  be  made  to  form  a 
catenarian  arch.* 

The  total  thrust  at  the  springing  of  the  arch  under  an  uniform 
load  is  to  be  computed  in  the  usual  way,  being, 

load  per  foot  of  span  X  radius  of  curvature  at  crown  in  feet  X 
secant  of  inclination  at  springing ; 

from  which  has  to  be  deducted  the  thrust  borne  by  the  water,  viz., 

pressure  of  water  X  sectional  area  of  pipe ; 

and  the  remainder  only  of  the  thrust  has  to  be  borne  by  the  iron  of 
the  pipe.     In  fisict,  the  a/rch  o/toater  bears  a  part  of  the  load. 

If  the  arched  pipes  be  made  to  carry  a  roadway,  the  whole  of  the 
stress  produced  by  a  partial  or  iaravelling  load  will  fall  on  them ; 
and  their  strength  is  to  be  computed  by  the  formuke  of  Article 
180,  Problems  lY.  and  Y.,  pp.  303  to  308,  as  ejcplained  in  treating 
of  cast  iron  arched  ribs.  Article  374,  Case  I.,  p.  539. 

The  vjooden  lining  referred  to  as  a  protection  against  frost 

*  Of  this  there  b  an  ezarapid  on  the  Washington  Water- Works,  designed  by 
Colonel  Meigs  of  the  United  Sutes*  Enj^eers.  The  arch  is  of  200  feet  span, 
and  consists  of  two  parallel  cast  iron  pipes  of  4  feet  diameter,  lined  with  wooden 
staves. 
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coQBists  of  oaken  stares  about  3  inches  thick,  packed  in  a  cjliodikal 
fonn  round  the  interior  of  each  pipe.  It  is  likelj  to  prove  i&ore 
busting  than  an  outside  casing,  because  it  is  oonstanUj  wet,  ioistead 
of  being  alternately  wet  and  diy. 


Section  V. — Of  Systems  of  Draiftage. 

479.  Oc—imi  PrIaclplM  ■•  to  JLmmd  Dmlmffe. — ^The  engineenrh 
examines  a  district  with  a  view  to  the  improvement  of  its  diainart 
requires  the  information  respecting  the  features,  extent,  and  levrl' 
of  the  district,  its  rain-fall,  and  the  courae,  dimensions,  levels,  aii>. 
discharge  of  its  streams,  which  have  already  been  specified  iix 
Articles  456,  457,  and  458,  pp  692  to  699,  and  in  Article  467,  [ 
707.  In  some  cas^  it  is  necessary  to  attend  to  the  qQesdon, 
whether  the  water  to  be  carried  off  by  the  system  of  drainage  come> 
merely  from  the  apparent  gathering-groimd  bounded  by  the  ridgtf 
that  surround  the  district,  or  whether  some  of  it  is  brought  to  the 
district  through  porous  strata,  which  have  their  gathering-groaiit. 
wholly  or  partly  beyond  such  ridgetf. 

In  order  that  a  district  may  be  in  a  perfect  state  as  to  diaina^N 
the  water-level  in  the  branch  drains,  which  directly  receive  th^ 
discharge  of  the  field  drains,  should  be  at  least  about  3  feet  belcr 
the  level  of  the  ground  at  all  times.  When  it  rises  above  tbt 
level  the  ground  becomes  atoash  or  ^flooded,  according  as  the  water- 
level  is  below  or  above  its  sur&ce. 

Each  water-channel  must  have  sufficient  area  and  declivity,  vhen 
at  its  fullest  flow,  to  discharge  all  the  water  that  it  receives  ss  ^^^ 
as  such  water  flows  in,  without  its  water-level  rising  so  high  as  to 
obstruct  the  flow  of  the  branches  it  receives,  or  to  lay  land  awash. 

Should  it  be  impossible  absolutely  to  fulfil  these  condidoci 
means  are  to  be  taken  to  make  the  deviation  from  them  as  small  m 
extent  and  as  short  in  duration  as  possible. 

480.  QacMtoBB  M  to  lBi|»roTemcnt  mf  DralMice. — Should  the  diaiL; 
age  of  a  district  be  foimd  defective,  the  engineer  will  in  general 
have  to  consider  questions  of  the  following  kind,  as  to  the  causes  ot 
such  defective  condition,-  and  the  means  of  improving  it: — 

I.  Whether,  and  to  what  extent,  it  is  practicable  to  dimintl^ 
or  prevent  floods  by  the  construction  of  stwe  reservoirs. 

II.  Whether  the  channels  of  the  streams  contain  rmwm-'^ 
obstructions  such  as  shelves  of  rock  or  other  shallows,  narrow  plsft^ 
islands,  ill-designed  weirs  and  bridges,  &c.,  and  how  such  obstrc<^- 
tions  are  to  be  removed.  This  may  involve  questions  as  to  rebuiU* 
ing  well's  and  bridges  according  to  improved  designs. 

Ill  Whether   the  channels  are    defective    and  liable  to  t* 
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obstructed  through  the  instability  of  their  beds,  and  how   such 
instability  is  to  be  prevented. 

IV.  In  the  case  of  a  smaller  stream  having  too  little  declivity, 
which  Mia  into  a  larger  stream,  whether  that  declivity  can  be 
increased  by  diverting  the  course  of  the  smaller  stream  so  as  to 
remove  its  outfall  to  a  lower  part  of  the  larger  stream. 

V.  Whether  the  course  of  a  stream,  being  too  circuitous,  can  be 
improved  by  a  diversion;  and  whether,  in  the  event  of  improve- 
ments being  required  in  the  channel  of  a  stream,  it  is  best  to 
execute  them  in  the  existing  channel,  or  to  make  a  new  channel, 
independently  of  the  question  of  circuitousness. 

All  the  preceding  questions  relate  to  matters  which  have  already 
been  treated  of  in  Sections  III.  and  IV.  of  this  chapter,  but  the 
following  involve  subjects  which  will  be  treated  of  in  the  ensuing 
articles : — 

VI.  Whether  the  branch  drains  are  of  sufficient  discharging 
capacity. 

VII.  To  what  extent  the  water-channels  are  capable  of  acting 
as  temporaiy  reservoirs  for  moderating  the  rapidity  with  which 
flood-waters  descend  from  them  into  lower  and  larger  channels. 

VIII.  To  what  extent  the  lands  adjoining  a  river  which  are 
liable  to  inundation  act  in  the  capacity  of  a  reservoir,  and  what 
will  be  the  effect  upon  the  part  of  the  river  below  them  of  prevent- 
ing or  diminishing  such  action. 

IX.  Whether  the  drainage  can  be  sufficiently  improved  by  im- 
provements on  the  water-channels  alone,  or  whether,  on  the  other 
hand,  it  is  advisable  to  use  embankments  for  the  confinement  of 
floods  within  certain  limits. 

481.  IkUehmr^n^  Capacity  af  Branch  Braiaa^ — ^If  the  rain-fall 
found  its  way  at  once  from  the  surface  of  the  ground  to  the  drains, 
each  of  these  would  require  to  have  dimensions  and  declivity  suffi- 
cient to  discharge  the  most  rapid  fell  of  rain  known  to  take  place 
for  any  time  how  short  soever.  The  following  data  as  to  the  most 
rapid  rain-fall  in  Britain  are  given  on  the  authority  of  Mr.  Phillips; 
they  illustrate  how  the  greatest  rate  of  rain-fall  diminishes  accord- 
ing as  the  period  for  which  it  is  reckoned  is  increased : — 

Total  depth  of  Rate  of 

Period.  Rain-fkU.  Rain-falL 

Inches.  Inches  per  Hoar. 

One  hour,  i       I'O 

Four  hours,  2       0-5 

Twenty-four  hours, 5       o 'a  nearly. 

The  soil,  however,  acts  as  a  sort  of  reservoir  to  an  extent  depend- 
ing on  its  texture;  it  keeps  from  the  drains  altogether  a  portion  of 
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the  nun*£dl,  which  passes  off  by  evaix>iation,  or  is  abscnhed  bv 
pUnta,  as  stated  in  Article  A56,  p^  692;  and  it  dischaiges  tbe 
remainder  into  the  drains  more  or  less  gradually.  The  fannch 
drains  in  oountiy  drainage  should  be  made  capable  of  dischar]gmg 
at  an  uniform  rate  the  greatest  availahle  rain-fall  known  to  take 
place  in  a  period  whose  length  is  greater  according  as  the  soil  l< 
more  retentive.  It  is  probable  that  in  most  cases  of  cultivated  hmd 
tuxrUy-four  hours  will  be  found  a  sufficiently  short  period :  that  is. 
each  drain  which  directly  receives  water  from  the  fields  should  li^ 
capable  of  dischaiging,  in  twenty-four  hours,  the  greatest  availaM- 
rain-fall  of  twenty-four  hours;  for  steep  and  rocky  ground  tb- 
period  must  be  shortened,  in  some  cases,  it  is  probable,  to  four 
hours ;  but  the  best  method  in  each  case  is  to  ascertain  the  period  br 
an  experimental  comparison  of  the  rain-Ml  with  the  discharge  ii 
drains. 

482.  AcMmi  •r  Clwaneb  wi4  Fl««d«4  -Lmm^m  mm  PctAflaa.— Tlit 
volume  of  the  space  contained  between  the  oi-dinary  water  surfao* 
of  a  given  portion  of  a  stream  and  the  flood- water  surfiu^,  whetht-r 
such  space  be  wholly  contained  between  the  banks  of  that  portion 
of  the  stream,  or  partly  between  such  banks  and  partly  over 
adjoining  lands  liable  to  inundation,  constitutes  a  reservoir  f<>r 
retaining  Uie  excess  of  the  toted  supply  of  water  during  a  period  o* 

Jlood  rain-faU  from  tJie  district  drained  by  that  portion  of  t^ 
stream^  above  the  greatest  quardUy  thai  the  stream  is  capable  ofdl*- 
charging  in  the  same})eriodf  until  the  flood  rain-fall  is  over,  whtL 
that  excess  flows  away  by  degreea  The  existence  of  that  reservoir- 
room  thus  renders  suflicieut  a  water-channel  of  less  diseliaTgiri: 
capacity  than  would  otherwise  be  necessary;  and  if  such  reservoir 
room  is  diminished,  either  by  improving  the  channel  so  as  to  lovi  " 
the  flood-water  surface,  or  by  contracting  the  space  by  means  •:' 
embankments,  care  should  be  taken  that  the  discharging  capacity 
of  the  channel  below  the  district  in  question  is  increased  to  a  o^r- 
responding  extent,  otherwise  the  effect  of  diminishing  the  extent  •  i 
floods  in  that  district  may  be  to  increase  it  in  some  district  furtl.<-T 
down  the  river.  This  is  one  of  the  reasons  for  the  rule  alrealj 
stated  in  Article  470,  p.  712,  that  works  of  river  improvemei?* 
should  proceed  from  below  upwards. 

483.  Biver  EaiWuikBicnta. — ^When  the  land  adjoining  a  strmri: 
cannot  be  sufficiently  guarded  from  inundation  by  improvenients  j^ 
the  channel,  embankments  may  be  erected.  In  determining  lv 
course  and  site  of  such  embankments  regard  must  be  bad  to  t  .^ 
principle  stated  in  the  hust  article — of  leaving  sufficient  reservi*:: 
room  between  them  for  flood-water.  In  some  cases  there  bqrv  j» 
sufficient  room  even  when  the  embankments  are  erected  close  t 
the  natural  banks  of  the  channel ;  but  in  general  it  is  advisable  t  ^ 
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leave  a  wider  space;  and  vLen  the  river  follows  a  serpentine  course 
sufficient  reservoir-room  may  in  many  casea  be  provided  by  carrying 
the  embankments  along  the  general  course  of  the  valley,  so  as  to 
enclose  the  windings  of  the  stream  without  following  them,  and 
thus  to  form  not  only  a  reservoir,  but  a  wide  and  direct  channel  for 
the  discharge  of  floods. 

The  tributaiy  streams  which  flow  into  the  main  streams  will  in 
general  require  branch  embankments.  Where  a  main  embank- 
ment extends  for  a  long  distance  uninterrupted  by  a  tributary 
stream,  the  land  protected  by  it  is  often  divided  into  portions  by 
means  of  branch  embankments,  called  "land  arms,^*  diverging  from 
the  main  embankment,  the  object  of  which  is,  that,  in  the  event 
of  a  breach  being  made  in  the  main  embankment,  the  inundation 
may  be  confined  to  a  limited  extent  of  ground  These  "  land  arms" 
generally  run  along  the  boundaries  of  separate  holdings. 

Behind  and  parallel  to  each  main  embaiikment  there  runs  a  "  back 
dram,'  the  material  dug  from  which,  if  suitable,  may  be  used  in 
making  the  embankment  The  use  of  this  back  drain  is  to  act  not 
only  as  a  channel  for  the  drainage  of  the  land  protected  by  the 
embankment,  but  as  a  reservoir  to  collect  that  drainage  when  the 
river  is  in  a  state  of  flood,  and  its  dimensions  are  to  be  regulated 
accordingly.  The  waters  of  the  back  drain  are  discharged  into  the 
river  (when  its  surface  is  low  enough)  through  a  series  of  pipes  tra- 
versing the  embankment,  and  having  flap-valves  opening  outwards  to 
prevent  the  return  of  water  from  the  river.  These  valves  are  made 
sometimes  of  iron,  sometimes  of  wood;  one  of  the  most  efficient 
consists  of  an  iron  grating  or  perforated  plate,  covered  with  a  flap 
of  vulcanized  indian-rubber.  As  to  the  computation  of  the  time 
required  to  discharge  a  given  accumulation  of  water  from  the  back 
drain  through  a  given  outlet,  see  Article  455,  p.  691. 

The  embankments  ara  to  be  made  of  clay  rammed  in  layers  one 
foot  deep,  or  thereabouts.  When  of  moderate  height,  and  not 
exposed  to  great  pressure,  they  may  have  slopes  of  1$  to  1  or  2  to 
1.  When  they  are  liable  to  be  acted  upon  by  a  strong  current  they 
should  be  pitehed  with  stone,  or  otherwise  defended  like  river- 
banks  (Article  469,  p.  710) :  elsewhere  they  should  be  covered  with 
sods,  and  no  trees,  shrubs,  or  hedges  should  be  suffered  to  grow 
upon  them. 

484.  Tidal  DcmiHa^e  is  the  drainage  of  lands  which  are  above  the 
low-water-mark  of  ordinary  tides,  and  either  below  high-water- 
mark, or  so  near  that  level  that  their  drainage  waters  can  only  be 
discharged  in  certain  states  of  the  tide.  Such  lands  are  defended 
against  inundation  by  the  sea  by  means  of  embankments,  which  will 
be  treated  of  further  oil 

The  best  mode  of  draining  a  district  of  this  sort  is  by  means  of  a 
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canal  extending  completely  through  it,  which  acts  alteniate^  is  a 
reservoir  and  as  a  channel     The  top-waier^eod  of  the  canal  is  to  be 
fixed  ao  as  to  give  sufficient  declivity  to  the  branch  drains.    Its  lo^ 
toater-levd  will  be  above  that  of  low-water  of  neap  tides  to  the 
extent  of  1-1 5th  part  of  the  rise  of  such  tidea     The  i^iaoe  eon 
tained  in  the  canal  between  those  levels  is  the  reaereoer-noom;  a&d 
inasmuch  as  the  length  and  depth  of  that  space  are  fixed,  the  breads 
midway  between  those  levels  is  to  be  made  suffideiit  to  give  reser- 
voir-room for  the  greatest  quantity  of  drainage  water  that  ever 
collects  during  one  tide.     The  depth  of  the  canal  must  be  made  at 
least  sufficient  to  enable  the  whole  of  that  quantity  of  water  to  be 
discharged  in  the  interval  between  1  hour  before  and  1  boor  after 
low-water,  the  mean  vdocUy  qfoutjlow  being  assumed  to  be  about 
equal  to  that  due  to  a  decUvily  of  the  height  between  high  and 
low-water-levels  in   the  whole  length  of  the  canal,   and  to  iti> 
hydraulic  mean  depth  when  full  up  to  its  middle  water-leveL     Th^ 
outer  end  of  the  canal  is   to  have   large  floodgates   capaUe  of 
throwing  its  whole  width  and  depth  open  at  once. 

For  an  example  of  drainage  on  these  prmciplea,  see  the  Acomud 
qf  the  Great  Bedford  Levd. 

485.  i»t«i«a««  kf  Pamptes  is  extensively  employed  in  landb 
below  high-water-mark,  especially  in  Holland  In  former  time? 
windmills  were  chiefly  used  for  this  purpose,  but  now  they  are  to  a 
great  extent  replaoeid  by  steam  engines.  The  most  economical 
mode  of  conducting  drainage  in  this  manner  is  to  provide  reservoir- 
room  for  the  greatest  floods,  and  pump  constantly  at  an  uniform 
rate.  To  provide  for  the  repair  of  engines,  and  for  acddental 
stoppages,  engines  are  to  be  kept  in  reserve,  of  power  equal  to 
from  one-half  to  the  whole  of  the  power  of  those  that  are  kept  at 
work. 

486.  T«wa  DniiMiiv. — ^Plans  for  systems  of  town  drainage 
require  to  be  on  a  larger  scale,  and  to  have  closer  contour-line^, 
than  those  of  any  other  description  of  work.  (See  Article  59,  p. 
96.)  The  dischuge  to  be  provided  for  is  the  natural  drainage  of 
the  basin  which  the  town  occupies,  added  to  the  water  ftappij 
artificially  brought  into  the  town. 

Inasmuch  as  the  rain-&]l  in  towns  finds  its  way  into  the  sewers 
almost  instantly,  their  dimensions  and  declivity  must  be  suited  to 
the  heaviest  rain-fall  in  a  short  period.  AuthoritieB  difler  whether 
that  rain-fall  is  to  be  estimated  at  one  inch  or  at  half-anrnuA  in 
depth  per  hour. 

The  treatment  and  disposal  of  the  drainage  of  towns,  after  it  ha.^ 
been  collected  by  means  of  a  fitystem  of  sewers,  involves  chemica) 
and  physiological  questions  into  which  it  is  impossible  to  enter  in 
this  treatise. 
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487.  8«w«M,  or  main  draiDs  of  towns,  are  underground  arched 
brick  conduits,  designed,  laid  out,  and  constructed  according  to  the 
principles  already  explained  or  referred  to  in  Articles  474,  475, 
pp.  718  to  720.  As  to  their  strength,  see  Article  297  a,  p.  433. 
The  cross-section  preferred  for  them  in  Britain  is  an  oval,  with  the 
smaU  end  downwards.  In  order  that  men  may  be  able  to  enter 
them  for  purposes  of  cleansing  and  repair,  no  sewer  should  have  a 
less  breadth  than  2  feet 

The  velocity  of  the  current  should  be  not  less  than  1  foot  per 
second,  or  more  than  about  4^  feet  per  second. 

As  to  the  drainage  of  streets  into  the  sewers,  see  Article  417,  p. 
626.  Owing  to  the  quantity  of  mud  that  is  swept  into  sewers, 
they  are  peculiarly  liable  to  be  obstructed  by  collections  of  sedi- 
ment :  these  are  swept  away  by  an  operation  called  Jluahing  or 
Jlcbahing,  which  consists  in  placing  a  temporary  dam  of  timber 
above  the  spot  where  the  deposit  is,  so  as  to  collect  a  quantity  of 
inrater,  which  is  allowed  suddenly  to  escape  with  great  speed  in 
order  to  scour  away  the  deposit. 

As  the  pipes  leading  into  the  sewers  from  the  channels  of  the 
streets,  and  also  those  from  the  houses,  either  are  or  ought  to  be 
"  trapped"  by  means  of  valves  or  inverted  siphons,  so  as  to  prevent 
the  escape  of  fool  gas  from  the  sewers,  such  gas  must  have  openings 
provided  for  its  escape,  either  by  building  chimneys  for  the  purpose, 
or  by  connecting  the  sewer  with  existing  chimneys.  Passages  for 
the  admission  of  fi^sh  air  to  the  sewers  are  also  required,  and  sub- 
terranean entrances  with  trap-doors  to  give  men  access  to  them. 
As  to  the  use  of  " side-trenches"  and  "subways,"  see  Article  421, 
pp.  629,  630. 

488.  Pi9^i>niafc — ^The  earthenware  pipes  used  for  drainage  have 
already  been  described  in  Article  477,  p.  7  20.  In  town  drainage 
they  are  chiefly  used  for  the  branch  drains  leading  from  houses 
and  from  the  adjoining  ground  into  the  main  sewers;  and  they 
usually  i-ange  from  4  inches  to  18  inches  in  diameter,  according  to 
the  quantity  which  they  are  to  dischaige.  It  is  not  advisable  in 
any  case  to  use  drain-pipes  of  less  than  4  inches  in  diameter.  They 
should  all  be  laid,  as  far  as  possible,  at  such  declivities  as  to  insure 
a  velocity  of  flow  of  4^  feet  per  second,  in  order  that  the  formation 
of  deposit  may  be  impossible;  and  when  their  proper  levels  and 
declivities  have  been  determined  by  calculation,  great  care  should 
be  bestowed  on  seeing  that  they  are  accurately  laid  at  those  levels 
and  declivities :  the  smaller  the  diameter  of  the  pipe,  the  worse  is 
the  effect  of  any  inaccuracy  in  this  respect  Obstructions  are 
most  likely  to  occur  at^the  junctions.  The  importance  of  making 
these  either  curved  or  acute-angled  has  already  been  mentioned ; 
but  even  at  curved  or  acute-angled  junctions  deposits  may  some- 
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times  take  place,  and  a  good  safegoard  against  tbis,  wbea  ibe 
levels. are  such  as  to  render  it  practicable,  is  to  make  tJie  juncticm 
in  a  vertical  or  transversely  inclined^  instead  of  a  neailj  borisKital 
plane. 

The  inverted  siphon  air-trap,  for  preventing  the  entrance  of  foal 
gas  from  a  sewer  into  a  building  through  a  drain-pipe,  is  an 
CT-shaped  tube,  in  the  lower  part  of  the  bend  of  which  water 
lodges,  so  as  to  prevent  the  passage  of  gas.  To  insure  the  efficiency 
of  this  trap,  it  is  essential  Uiat  the  sewer  should  have  chimnevs  for 
the  escape  of  gas ;  otherwise  the  pressure  may  become  sufficient  to 
enable  the  gas  to  force  its  way  past  the  water  in  the  tube- 


Section  VL — Of  Systems  of  Waier  Supply. 

489.  inrigatimk — It  appears  that  the  supply  of  water  requir&l 
for  the  irrigation  of  a  district  ranges  from  *013  to  OOS  of  a  cable 
foot  of  water  per  second  for  each  acre  irrigated ;  and  this  is  the 
demand  to  be  provided  for  by  reservoirs,  or  by  the  use  of  weirs  to 
divert  water  from  rivers.  (Article  460,  p.  699;  Article  47f, 
p.  713.)  The  channels  by  which  the  water  is  distributed  are  to 
be  carried  at  the  highest  levels  compatible  with  the  minimum 
velocity  of  1  foot  per  second,  in  order  tJiat  as  great  an  area  of  land 
as  i)Oflsible  may  be  commanded  by  them.  Their  dimensions  and 
declivity  are  to  be  determined  by  the  principles  of  Article  451, 
p.  ^SQ,  and  they  are  to  be  constructed  according  to  the  principk^ 
of  Section  IV.  of  this  chapter,  especially  Article  474,  p.  71^. 
When  they  run  between  earthen  embankments,  as  is  often  the 
case,  each  embankment  should  have  a  vertical  puddle  wall  in  it> 
centre,  from  2  to  3  feet  thick,  and  the  tops  of  the  embankmentii 
should  not  be  less  than  4  feet  wide. 

The  method  of  delivering  specified  supplies  of  water  from  an 
irrigation  canal  to  holders  of  land  is  the  following : — ^A  small  tank 
at  one  side  of  the  canal  is  supplied  through  a  sluice,  and  the  wat^ 
in  it  is  kept  at  a  constant  level  by  regulating  the  opening  of  that 
sluice.  The  water  is  delivered  out  of  the  tank  through  a  square  or 
round  orifice  of  constant  size  under  a  constant  head.  IHfiferent 
quantities  of  water  are  delivered  by  varying  the  mmber  of  tht 
orifices,  and  not  their  dimensions  nor  the  head  which  causes  tlieir 
discharge. 

490.  UTAter  Swyply  mt  Towaa  —  EatlaisiloB  •£  DeauftadI  ■■  •■ 
4|HMMttf  . — The  supply  of  water  to  towns  ranges  in  extreme  cb£<s 
from  about  2  gallons  to  600  gallons  per  inhabitant  p^  day.  (Gto*- 
don  On  Civil  £ngineeri7^,)  In  town  water-works  executed  witi  a 
due  regard  to  su^ciency  of  supply  on  the  one  hand  and  economy  of 
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cost  on  the  other,  and  with  a  moderate  amount  of  waste,  the 
following  maj  be  regarded  as  fair  estimates  of  the  real  daily 
demand  for  water  per  inhabitant  amongst  inhabitants  of  different 
habits  as  to  the  quantity  of  water  they  consume : — 

Gallons  per  Day. 
Laast  Average.  Greatest 

Used  for  domestic  purposes, 7         lo         15 

Washing  streets,  extinguishing  fires,  sup- )     • 

plying  fountains,  <fec., J        3  3  3 

Allowance  for  trade  purposes  and  for  waste,       7  7  7 

Total  demand  in  non-manufacturing  towns,     17         20         25 
Additional    demand    in    manufacturing ) 

towns,  say j      

Total  demand  in  manufSwtuiing  towns, 27         30        35 


A  liberal  supply  of  water  has  a  tendency  to  increase  its  use,  and 
at  the  same  time  to  bring  the  daily  consumption  per  head  amongst 
different  classes  of  persons  more  nearly  to  an  equality;  so  that,  with 
a  view  to  such  improvement  in  the  habits  of  the  population,  it  is 
advisable  in  projecting  new  water-works  to  take  the  highest  of  the 
preceding  estimates  of  the  demand;  that  is  to  say,  from  25  to  35 
gallons  per  head  per  day,  according  as  the  town  requires  less  or 
more  water  for  use  in  manufactures. 

The  quantity  of  water  run  to  waste,  however,  frequently  exceeds 
enoimously  that  allowed  for  in  the  precediug  estimate,  through  ill- 
construct^  fittings  and  carelessness.  It  has  been  proved,  for 
example,  that  in  some  parts  of  London,  where  only  7  gallons 
of  water  per  head  per  day  were  actually  used,  18  gallons  ran 
to  waste.  The  most  effectual  means  of  preventing  such  waste  are, 
the  establishment  of  a  regulation  or  enactment,  that  domestic 
water-fittings  shall  be  executed  to  the  satis£Eiction  of  the  engineer 
or  manager  of  the  water- works;  the  canying  out,  as  far  as  practi- 
cable, of  the  system  of  selling  water  by  measure  to  those  who  require 
it  for  other  than  ordinary  domestic  purposes  (as  to  water  meters, 
see  Article  459,  p.  699);  and  the  prevention  of  excessive  pressure 
in  the  service-pipes  from  which  houses  are  directly  supplied. 

The  preceding  statements  have  reference  to  the  daily  demand. 
Regard  must  also  be  had  to  the  hourly  demand,  which  fluctuates 
very  much  at  different  times  of  the  day,  chiefly  because  the  in- 
habitants draw  nearly  the  whole  of  their  supply  for  domestic 
purposes  during  a  limited  number  of  hours.  It  is  estimated  that 
the  most  rapid  draught  for  domestic  purposes  is  at  such  a  rate  that. 
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if  kept  lip  continnouAlyy  it  would  exbaust  the  whole  daily  supply  for 
these  pnrpoHes  in  8  hours;  that  is  to  say,  the  maximum  hamiy 
demand  for  domestic  purposes  is  three  Hmea  the  aTezage  houily 
demand. 

The  effect  of  this  on  the  greatest  hourly  demand  for  aUpufpot^ 
is  to  make  it  in  different  cases  range  &om  1*8  to  2-2  times  the 
average  hourly  demand. 

491.  BaitaMiitoa  m€  OeaMiHci  «•  !•  Hmul — It  is  Considered  tiut 
the  head  of  pressure  in  each  of  the  street  mains  ought,  when  tbt 
flow  is  most  rapid,  to  be  equivalent  to  an  elevation  of  abont  20  fee: 
above  the  tops  of  the  adjoining  houses,  in  order  that  their  upper- 
most stories  may  be  directly  supplied,  and  that  it  may  be  possiltk 
to  throw  a  jet  to  the  top  of  the  highest  building  without  ihe  aid  of 
a  flre^ngine. 

The  required  virtual  head  in  various  districts  of  the  town  befn^ 
fixed,  the  virtual  declivity  from  the  source  to  each  of  those  districts  i« 
to  be  made  as  nearly  unifbrm  as  circumstances  will  permit,  if  pipe^ 
are  used  throughout  Should  a  conduit  be  used  for  part  of  the 
distance,  and  pipes  for  the  remainder,  the  pipes  should  have  the 
steeper  virtual  declivity,  and  consequently  the  greater  share  of  the 
total  virtual  fall  in  proportion  to  their  length,  in  order  that  tiier 
may  be  smaller  than  the  conduit;  because  their  cost  is  greater  id 
proportion  to  their  size  than  that  of  the  conduit.  No  precise  rult^ 
can  be  laid  down  for  this  distribution  of  fall  between  pipes  and 
conduit ;  but  in  some  good  examples  the  virtual  declivity  of  the 
pipes  has  been  made  eight  ti/mea  as  steep  as  the  actual  declivity  of 
the  conduit  As  to  the  discharging  capacity  and  construction  of 
conduits  and  pipes,  see  Articles  450,  451,  pp.  684  to  688,  and 
Articles  474  to  478,  pp.  718  to  724. 

In  a  town  of  irregular  levels,  or  of  great  extent,  the  same  virtual 
declivity  which  is  required  in  order  to  give  sufficient  head  of 
,  pressure  in  the  higher  parts  of  the  town,  or  in  those  more  distant 
from  the  source,  may  give  excessive  pressure  in  the  lower  or  nearer 
parta  In  such  cases  the  excessive  pressure  in  the  branch  main.^ 
and  distributing  pipes  of  the  latter  districts  may  be  moderated  by 
any  convenient  means  of  causing  loss  of  head  at  their  inlets,  such 
as  passing  the  water  through  small  orifices,  or  loaded  valves ;  tbt^ 
latter  being  the  more  accurate  method  in  its  working. 

492.  €)«MipeaMUi«a  Water  is  tJie  supply  of  water  which  is  secured 
to  the  owners  and  occupiers  of  land  and  mills,  and  other  pardes! 
interested  in  the  sources  fix)m  which  water  is  diverted  to  supply  a 
town,  in  order  that  they  may  not  suffer  damage  by  such  diversion. 
It  must  be  at  least  equal  to  the  supply  which  was  beneficially 
available  for  their  use  before  the  execution  of  the  water-works,  or 
else  they  must  receive  compensation  in  money  for  the  dafici^icy. 
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The  only  means  of  enabling  a  source  of  water  to  supply  a  town, 
besides  providing  the  landholders  with  compensation  water,  accord- 
ing to  the  preceding  principle,  is  to  store  in  reservoirs  and  discharge 
by  degrees  the  flood- waters  which  previously  ran  to  waste.  (See 
Section  III.  of  this  chapter,  p.  699.) 

In  providing  the  dtuly  supply  of  compensation  water  to  which 
the  landholders  on  the  course  of  a  stream  are  entitled,  different  prin- 
ciples have  been  followed  in  diffei*ent  cases.  The  following  are 
three  of  them : — 

I.  To  secure  them  the  average  svmmefr  discha/rge,  exci/usive  of 
floods,  as  ascertained  by  gauging.     (As  to  the  distinction  between 

flood  discharges  and  ordinary  (tischarges,  see  Article  458,  p.  698). 

II.  To  give  them  a  proportion  fixed  by  agreement  (usually  otw- 
thirds  or  thereabouts)  of  the  whole  water  impounded. 

In  some  cases  a  special  arrangement  has  been  come  to,  by  which 
the  landholders,  on  condition  of  a  certain  supply  being  delivered 
down  the  stream  during  the  day,  have  agreed  to  a  less  supply 
being  delivered  during  the  night. 

IIL  To  make  a  special  compensation  reservoir,  receiving  the 
discharge  from  a  certain  proportion  of  the  gathering-ground,  and 
to  hand  it  over  to  the  landholders,  to  be  managed  under  their  own 
control. 

The  usual  method  adopted  in  delivering  a  fixed  daily  quantity 
of  water  into  the  natural  channel  of  a  stream  is  to  construct  a 
tank  in  which  the  water  is  kept  at  a  fixed  level  by  means  of  the 
sluice  or  sluices  through  which  it  is  supplied,  and  let  the  water 
flow  out  of  that  tank  through  an  outlet  or  outlets  of  a  fixed  area 
and  figure,  under  a  fixed  head. 

49 3.  Sioniffe- Works  consist  of  reservoirs  with  their  appurtenances, 
as  described  in  Section  III.  of  this  chapter.  In  estimating  the 
extent  of  gathering-ground  and  capacity  of  the  reaervoirs  required, 
regard  must  be  had  to  the  demand  of  water  for  compensation 
(Article  492),  as  well  as  for  the  supply  of  the  town. 

In  most  cases  in  which  a  town  is  supplied  from  works  of  this 
class,  the  best  economy  consists  in  choosing  the  sites  of  the  store 
reservoirs,  and  designing  the  conduits  and  principal  main  pipes,  so 
as  to  supply  every  part  of  the  town  by  means  of  the  gravitation  of 
the  water  alone.  But  exceptional  cases  sometimes  occur,  in  which 
»  great  saving  may  be  effected  in  capital  outlay,  and  especially  in 
the  cost  of  conduits  and  pipes,  by  incurring  a  comparatively  small 
additional  annual  expenditure  in  order  to  supply  some  limited  dis- 
trict that  is  highly  elevated  above  the  rest  of  the  town  by  means  of 
a  pumping  steam  engine,  instead  of  giving  the  conduits  and  prin- 
cipal main  pipes  the  dimensions  required  in  order  to  supply  that 
limited  district  by  gravitation. 
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494.  wpilBji  in  many  cases  are  so  variable  in  their  disdiai^ 
that  they  can  only  be  classed  amongst  the  sources  whose  watei^ 
require  to  be  stored  in  a  reservoir.  But  occasionally  firings  an 
met  with  which  are  the  outlets  of  extensive  porous  strata,  fonning 
undei^ground  natural  reservoirs  that  maintain  a  nearly  unifonn  dk- 
chai^  independently  of  artificial  storage.  (See  Article  4^6,  p.  696.) 
When  the  waters  of  such  springs  are  diverted  from  the  stiieams  into 
which  they  naturally  flow  in  order  to  supply  a  town,  the  ordinaxT 
summer  flow  of  those  streams  must  be  maintained  at  its  original 
volume  by  the  aid  of  the  flood-waters  of  a  gathmng-ground,  stored 
in  a  reservoir. 

495.  Wtirmr^WmnOim  Fw^rtwg. — ^A  large  river  may  be  used  for  the 
supply  of  a  town,  independently  of  storage- works,  provided  thtr 
volimie  of  water  brought  down  by  it  is  at  all  times  so  great,  that 
the  temporary  abstraction  of  a  volume  sufficient  to  supply  the 
town  will  cause  no  injury  to  its  navigation,  or  the  interests  of  the 
inhabitants  of  its  banks. 

The  works  requii^  in  order  to  supply  a  town  fitt>m  such  a  river 
usually  comprise  a  weir,  for  maintaining  part  of  the  river  at  n 
nearly  constant  level  (Article  472,  p.  713);  two  or  more  sMing- 
ponds,  into  which  the  water  is  conducted,  or  if  necessary,  pumped, 
or  otherwise  raised  by  machinery;  filtering  apparatus;  and  a  suf- 
ficient establishment  of  pumping  engines. 

It  would  be  foreign  to  the  plan  of  the  present  work  to  enter  into 
details  as  to  the  construction  and  working  of  pumping  steam 
engines.  The  following  principles,  however,  must  be  stated  a^^ 
specially  applicable  to  their  use  for  the  supply  of  a  town. 

I.  The  effective  power  required  to  be  in  operation  may  be  com- 
puted in  foot'pouiida  per  hour,  by  multiplying  the  weighi  of  water 
to  be  delivered  per  hour  by  the  total  head  at  the  engines  in  feet ; 
such  head  being  measured  from  the  level  of  the  water  in  the  tank 
whence  the  engines  draw  it,  to  the  virtual  elevation  required  iii 
order  to  give  sufficient  head  in  the  town  and  sufficient  virtual 
declivity  in  the  principal  main  pipes.  To  find  the  dgfedice  horse- 
power, divide  the  effective  power  in  foot-pounds  per  hour  by 
1,980,000.  The  indicated  horee-power  is  about  once  and  o-^uortfr 
the  effective  horse-power. 

IL  Reserve  power  should  be  provided  to  an  amount  equal  to  at 
least  one-half  of  the  working  power;  for  example,  of  three  engines 
of  equal  power,  two  are  to  be  kept  at  work  and  the  third  in 
reserva 

TIL  Air-veeeds  and  standrpipee  are  contrivances  to  prevent  the 
shocks  to  which  the  pipes  would  be  exposed  by  the  intermittent 
action  of  the  pumps,  and  to  maintain  an  unifonn  head  of  preesuit 
and  velocity  of  flow  in  the  pipes. 
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An  air-vessel  is  an  air-tigbt  receiver,  usually  of  cast  iron,  and  of 
the  figure  of  a  cylinder  standing  vertically,  with  a  hemispherical 
top  and  bottom.  At  its  lower  end  are  two  openings,  an  inlet 
through  which  water  enters  from  a  pump,  and  an  outlet  from 
which  the  water  is  discharged  along  a  pipe.  Its  upper  portion 
contains  compressed  air,  which  tends  continually  to  diminish  in 
quantity,  partly  by  leakage  and  partly  by  absorption  in  the  water, 
so  that  a  small  supply  of  air  should  be  forced  in  from  time  to  time 
by  means  of  a  compressing  pump.  The  eflfect  of  the  air-vessel  in 
moderating  fluctuations  of  pressure  is  expressed  by  the  following 
proportion : — 

mean  volume  of  air  in  the  vessel  :  volume  of  the  pump 

:  :  mean  head  of  pi'essure  :  greatest  fluctuation  of  the  head 

of  pressure. 

In  some  good  practical  examples,  the  capacity  of  the  air-vessel  is 
B\yo\it  fifty  times  that  of  the  pump. 

A  single  stcmd^pe  is  a  vertical  cast  iron  pipe,  rising  a  little 
higher  than  the  elevatiou  due  to  the  head  of  pressure,  and  open  at 
the  top.  It  has  at  its  base  an  inlet  through  which  it  receives 
-water  from  the  pumps,  and  an  outlet  or  outlets  through  which  it 
discharges  water  into  the  horizontal  supply-pipes.  Its  sectional 
area  varies  from  once  to  twice  that  of  its  outlets,  or  thereabouts. 
It  equalizes  the  pressure  and  flow  even  more  effectually  than  an 
air-vessel,  for  the  rapid  entrance  of  the  quantity  of  water  due  to 
one  stroke  of  a  pump  produces  but  a  slight  elevation  of  the  surface 
of  the  water  in  the  stand-pipe  as  compared  with  its  total  height. 

A  double  stand-pipe  has  two  branches,  in  one  of  which  the  water 
ascends  from  the  pump,  while  in  the  other  it  descends  to  the  mains : 
the  two  branches  unite  at  the  top  into  a  vertical  stem,  which  is 
open  above.  This  construction  effects  a  constant  renewal  of  the 
water  in  the  stand-pipe. 

In  estimating  the  dimensions  and  speed  required  for  the  piston 
or  plunger  of  a  pump  that  is  to  deliver  a  given  volume  of  water 
in  a  given  time,  it  is  usual  to  add  about  onefifth  to  that  volume  as 
an  allowance  for  "slip;"  that  is,  water  which  runs  back  through 
the  pump-clacks  while  they  are  in  the  act  of  closing.  It  appears, 
however,  from  experiment,  that  in  the  best  pumps  the  slip  is  not 
practically  appreciable.* 


*  The  ooet  of  pumping  Uuge  qoantities  of  water,  as  ascertained  from  the  aooonnts 
of  the  expenditure  of  the  former  Glasgow  Water- Works  (since  superseded  by  the  Loch 
Katrine  Works),  during  a  long  series  of  years,  was  at  the  rate  of  almost  exactly 
400,000  gaUona  raued  one  foot  far  a  pmmy,  that  is  to  say,  4,000,000  foob-pomdM  qf 
effedwe  wprhfor  a  penny. 
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496.  WcH«  nuiy  be  used  as  sonrDes  for  a  supply  of  water,  wltere 
a  water-bearing  stratum  exists  into  which  they  can  be  sunL  The 
water  in  such  a  stratum  has  always  either  an  actual  or  a  virtval 
declivity  towards  the  place  where,  by  the  outcrop  of  the  stratom,  it 
makes  its  escape  into  a  river,  or  into  the  sea.  Should  the  water- 
bearing stratum  have  its  gathering-ground  at  a  high  elevation,  and 
should  it  be  covered,  in  a  district  far  distant  from  its  final  outkc 
by  an  impervious  stratum,  the  line  of  virtual  declivity  may  U 
above  the  surface  of  the  ground  in  that  district;  so  that,  on  bonni: 
or  Kinking  a  well  through  the  impervious  stratum,  the  water  vil 
K]iout  up  in  a  jet.  Such  wells  are  called  "  Artesian  Wells."  In 
other  cases  the  line  of  virtual  or  actual  declivity  is  below  tk 
surfeice  of  the  ground,  and  the  water  must  be  raised  by  pumpinc 
(as  to  which,  see  the  preceding  article). 

The  raising  of  a  large  quantity  of  water  from  a  water-beariiu: 
stratum  has  always  the  effect  of  depressing  the  water-level  to  an 
extent  which  cannot  be  estimated  beforehand. 

The  quantity  of  water  which  a  water-bearing  stratum  is  capable 
of  yielding  may  be  estimated  in  the  manner  explained  in  Articit 
456,  p.  696,  provided  the  position  and  extent  of  its  gathering- 
ground  can  be  ascertained;  but  that  can  seldom  be  done  with 
precision. 

In  sinking  or  boring  for  well  water,  it  is  in  general  advisable  to 
prevent  the  siuiiAce  water  from  mixing  with  that  of  the  welL 
This  is  done,  in  the  case  of  a  bore,  by  liimig  it  with  iron  pipes,  and 
in  the  case  of  a  shaft,  by  lining  it  with  brickwork  laid  in  cement. 

As  to  boring  and  shaft-sinking,  see  Article  187,  p.  331,  and 
Article  391,  p  589. 

497.  The  iPmHtj  •€  Water  is  a  subject  of  which  the  detailed  con- 
sideration belongs  to  chemistry  and  physiology  rather  than  tc* 
engineering.  The  following  general  principles,  however,  may  bt* 
stated. 

For  purposes  of  cleansing,  cookery,  chemistry,  and  manufactures, 
the  best  water  is  that  which  approaches  nearest  to  absolute  purity. 
Such  is  the  water  which  flows  from  mountain  districts,  where 
granite,  gneiss,  and  slate  prevail  Such  water  usually  contains  a 
large  quantity  of  diffused  oxygen  and  carbonic  acid.  It  is  the 
most  wholesome  for  drinking,  and  the  most  agreeable  to  those 
whose  taste  doe«  not  prefer  a  certain  admixture  of  earthy  salts. 

The  most  common  mineral  impurities  of  water  are  salts  of  lime 
and  iron,  which  injure  it  for  all  purposes  except  drinking.  Salt*; 
of  lime,  especially  the  bicarbonate,  are  the  principal  causes  of  the 
property  called  "hardness."  The  bicarbonate  of  lime  can  l^f 
removed  by  adding  to  the  water  as  much  Ume-wat-er  as  contains  :i 
quantity  of  lime  equal  to  that  already  contained  in  the  bicarbonate 
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of  lime  present  The  additional  lime  thus  added  combines  with  one- 
half  of  the  carbonic  acid,  thus  becoming  chalk  itself,  and  reducing 
the  bicarbonate  to  chalk  also ;  and  the  chalk,  being  insoluble,  settles, 
and  leaves  the  water  softened.  This  is  Dr.  Clarke's  process  of  soften- 
ing water.  The  degrees  ofhardneae  of  a  specimen  of  water  means 
the  number  of  grains  of  chalk  which  the  lime  held  in  solution  in 
a  gallon  of  the  water  (or  70,000  grains)  is  capable  of  forming. 
Water  of  leas  than  &  degrees  of  hardness  may  be  considered  as 
comparatively  soft;  that  of  12  or  13,  as  decidedly  hard. 

The  waters  collected  directly  from  gathering-grounds  are  usually 
the  softest,  those  of  rivers  harder,  those  of  springs  and  weUs 
hardest  of  all. 

The  drainage  waters  of  cultivated  and  populous  districts,  and 
above  all,  those  of  towns  and  their  neighbourhood,  are  to  be 
avoided,  as  containing  organic  matter  in  the  act  of  decomposition, 
and  being  therefore  unwholesome,  and  sometimes  highly  dangeroua 

The  taste  and  smell  of  a  person  accustomed  to  drink  pure  water 
and  breathe  pure  air  may  in  general  be  relied  upon  for  the  detection 
of  the  presence  of  impurities  in  water,  though  not  of  their  nature 
or  amount;  but  in  persons  who  have  for  some  time  habitually 
drunk  impure  water  and  breathed  a  foul  atmosphere  those  senses 
become  blunted. 

The  colouring  matter  of  peat  moss,  which  is  a  compound  of 
carbon  with  oxygen  and  hydrogen,  unfits^  water  for  many  manu- 
facturing purposes.  It  does  not  i-ender  it  unfit  for  drinking,  unless 
present  in  considerable  quantity,  when  it  produces  an  unpleasant 
flatness  of  taste ;  but  whether  that  substance  is  unwholesome  or  not 
has  not  been  ascertained.  Its  appearance  is  strongly  objected  to 
by  the  inhabitants  of  most  towns.  Long  exposure  to  light  and  air 
destroys  it,  probably  by  oxidating  its  carbon. 

The  long-continued  action  of  oxygen  decomposes  and  destroys 
organic  matter  in  water,  and  is  the  principal  means  of  purifying 
originally  impure  water.  In  store  reservoirs  the  presence  of  a 
moderate  quantity  of  living  plants  is  favourable  to  purity  of  the 
water,  provided  there  are  also  animals  enough  to  consume  them,  so 
that  tiiey  may  not  die  and  decompose,  and  that  a  proper  balance  is 
kept  up  amongst  animals  of  difiereut  kinds.  The  destruction  of 
the  fish  in  a  reservoir  has  been  known  to  lead  to  an  excessive 
multiplication  of  the  small  crustaceous  animals  upon  which  the  fish 
bad  fed,  to  such  an  extent  that  the  water  acquired  a  nauseous 
flavour  from  the  oil  which  those  minute  creatures  contained.  The 
only  remedy  was  to  re-stock  the  reservoir  with  fisL* 

*  Thu  case  was  examiaed  into  and  reported  upon,  and  the  nmtAy  discovered,  by 
Dr.  H.  D.  Bogers. 

3b 
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Shallow  reservoirs  are  imfiiYOuiuble  to  purity,  beeuse  tie 
warmth  of  the  water  produced  by  the  sun's  heat  encoonges  the 
growth  of  an  excessive  quantity  of  vegetation,  most  of  which  dies 
and  decomposes.  t 

On  the  subject  of  the  purity  of  water,  see  Dr.  R.  Angus  Smitli's 
"  Report  on  the  Air  and  Water  of  Towns,"  in  the  ReporU  ojtk 
Briti^  AgsodaiionloT  \S5h 

498.  flctiliac  mmd  wotrmUmm* — A  store  reservoir  geneFally  answers 
the  purpose  of  a  settling-pond  also,  to  clear  the  water  of  earthy 
matter  held  in  suspension.  Water  pumped  from  a  liver  generally 
requires  to  rest  for  a  time  in  a  settling-pond. 

The  water  both  of  rivers  and  of  gathering-grounds  in  mc^st 
cases  requires  to  be  filtered.  A  filter-bed  for  that  purpose 
consists  of  a  tank  about  5  feet  deep,  having  a  paved  bottom,  coTenai 
with  open-jointed  tubular  drains  leading  into  a  central  culvert: 
the  drains  are  covered  with  a  layer  of  gravel  about  3  feet  deep,  anu 
that  with  a  layer  of  sand  2  or  3  feet  deep  The  water  is  delivered 
uix>n  the  upper  suifiace  of  the  sand  very  slowly  and  uniformly ;  it 
gradually  descends,  and  is  collected  by  the  drains  into  the  central 
culvert  The  area  of  the  filter  should  be  such  that  the  water  to 
be  filtered  may  not  descend  vertically  with  more  than  a  certain 
speed ;  for  the  whole  efficiency  of  the  filtering  process  depends  on 
its  slowness.  The  speed  of  vertical  descent  recommended  by  the 
best  authorities  is  six  inches  an  hour;  in  some  cases  a  speed  as  high 
as  one/ooi  an  hour  has  been  used. 

There  should  be  a  sufficient  number  of  filter-beds  to  enable  some 
to  be  cleansed  whilst  others  are  in  use.  The  cleansing  is  performed 
by  scraping  from  the  surface  of  the  sand  a  thin  layer,  in  which  all 
the  dirt  collects. 

It  appears  that  proper  filtration  not  merely  removes  medianical 
impurities  fipom  the  water,  but  even  organic  impurities,  by  cansiag 
their  oxidation. 

499.  l»tairt^tiM«-li«fliiis  •*  T«wa  Beaerr^ln* — ^It  has  been  ex- 
plained in  Article  490,  p.  730,  that  the  greater  hourly  demand 
for  water  is  about  double  of  the  average  hourly  demand;  from 
which  it  follows,  that  the  pipe  or  conduit  winch  directly  sup- 
plies a  given  town,  or  part  of  a  town,  must  have  about  double 
the  dischai^ng  capacity  that  it  would  require  if  the  hourly  demand 
were  uniform. 

The  great  additional  expense  which  this  would  cause  in  the 
principal  conduits  and  main  pipes  is  saved  by  the  use  of  disirUnUin^ 
basins  or  town  reservoirs. 

A  distributing-basin  for  a  given  district  is  a  small  reservoir, 
capable  of  containing  a  volume  of  water  at  least  equal  to  the  whole 
excess  of  the  demand  for  water  during  those  hours  of  the  day  when 
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such  demand  exceeds  the  average  rate  above  a  supply  during 
the  same  time  at  the  average  rate.  The  smallest  capacity 
which  -will  enable  a  distributing-basin  to  fulfil  that  condition  is 
about  one-half  of  the  daily  demand  of  the  district  to  which  it 
belongs;  but  to  provide  for  unforeseen  contingencies^  it  may  be 
made  to  contain  a  whole  day's  demand,  or  even  more.  It  is  sup- 
plied with  water  at  an  uniform  rate,  by  a  principal  main  pipe, 
-which  thus  only  needs  to  be  made  capable  of  supplying  the  average 
hourly  demand,  the  distributing-pipes  alone  requiring  to  be  adapted 
to  the  greatest  hourly  demand  During  the  night,  when  the 
supply  exceeds  the  demand,  the  water  accumulates  in  the  distribut- 
ing-basin ;  during  the  day,  when  the  demand  exceeds  the  supply, 
that  accumulated  water  is  expended. 

The  area  of  a  distributing-basin  should  be  such,  that  the  variation 
of  its  waier-level  may  not  cause  an  inconvenient  variation  of  the 
head  of  pressure  in  the  pipes,  nor  in  their  virtual  declivity. 

It  may  be  built  and  paved  with  masonry  or  brickwork  lined 
-with  cement,  in  which  case  the  stability  of  its  walls  will  depend  on 
the  principles  cited  in  Article  465,  p.  707 ;  or  it  may  be  made  of 
rectangular  cast  iron  plates,  flanged  and  bolted  together,  the  op- 
posite sides  of  the  reservoir  being  tied  together  by  means  of  wrought 
iron  rods,  to  enable  them  to  resist  the  pressure.  The  figure  in 
plan  will  in  general  be  regulated  by  that  of  the  site ;  but  should 
the  engineer  be  free  to  choose  any  figure,  the  circular  figure  is 
obviously  the  best. 

The  elevation  of  the  site  should  be  such  as  to  command  the  dis- 
trict to  be  supplied  from  the  basin,  according  to  the  principles  of 
Article  491,  p.  732,  and  it  should  be  as  near  that  district  as 
possible. 

Every  distributing-basin  should  be  roofed,  that  the  water  maybe 
protected  against  heat,  frost,  and  the  dust  and  soot  which  float  in 
the  air  of  populous  districts.  The  most  efficient  protection  against 
heat  and  frost  is  that  given  by  a  vaulted  roof  of  masonry  or  brick, 
covered  with  asphaltic  concrete  to  exclude  surface  water,  and  with 
two  or  three  feet  of  soil,  and  a  layer  of  turt 

When  water  is  brought  to  a  city  from  a  great  distance,  it  may 
be  useful  to  construct  in  the  neighbourhood  of  the  city  (should  the 
groimd  afford  a  suitable  site),  a  large  town  reservoir  or  auxiliary 
store  reservoir,  capable  of  holding  a  store  of  water  for  about  a 
month's  demand,  to  be  used  in  the  event  of  an  accident  happening 
to  the  more  distent  part  of  the  main  conduit,  until  the  damage  is 
repaired.  From  that  reservoir  to  the  town  the  main  pipes  may 
form  a  double  line,  so  that  in  the  event  of  a  fidlure  of  one  line,  a 
supply,  although  a  diminished  one,  may  be  conveyed  through  the 
other  line   until  the  first  line  is  repaii-el     The  construction  o^ 
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tach  an  anxiliAXj  store  reservoir  will  in  general  be  sxndkr  to  ^t 
of  the  reaerroirB  described  in  Section  III.  of  this  chapter. 

500.  Pini  iiMrtaa^Fiy—  must  be  adapted  to  the  grtakeA  \ssA\ 
demand  for  water,  and  to  the  requisite  head  in  the  streets,  as 
already  explained  in  Articles  490  and  491,  pp.  730  to  733.  In  large 
cities  the  total  length  of  distributiDg-pipes  required  is  about  a  mile  for 
eveiy  2,000  or  3,000  inhabitants.  The  smaller  the  town,  the  gmaller 
in  general  is  the  frfyporiiofnaU  extent  of  distributing-pipes  requii^ 

The  distributing-pipes  which  are  laid  along  the  street  are  classed 
as  fnouM  and  aervice-pipes;  the  chief  distinction  being,  that  a  main 
either  conveys,  or  is  capable  of  conveying,  water  along  a  street  to 
aome  pUoe  beyond  it;  while  a  service-pipe  is  a  branch  divei^ng 
from  a  main,  in  order  to  supply  a  single  or  double  row  of  buildings. 
In  wide  streets,  and  in  those  of  great  traffic,  it  is  best  to  have  two 
aervioe-pipes,  one  for  each  side,  in  order  that  they  may  be  laid  » 
as  to  be  accessible  without  int^mpting  the  traffic  of  the  street  ($!ee 
Article  421,  pu  629),  and  in  order  that  the  house  water-fupes  maj 
be  as  short  as  possible,  and  may  lie  as  little  as  possible  under  tht 
carriage-way. 

When  a  general  rate  of  virtual  declivity  has  been  fixed  for  tbe 
distributing-pipes  of  a  town  or  of  a  district  of  a  town,  and  the 
diameters  of  the  more  important  mains  have  been  computed  by  the 
proper  formula,  those  of  all  branch  mains  and  service-pipes  are 
easily  deduced  from  them  by  the  rule,  that,  with  equal  virtual 
declivities,  the  diameters  of  pipes  are  to  be  proportional  to  tbe 
•quares  of  tke^fth  rooU  of  the  quantities  of  water  that  they  are  to 
convey. 

When  a  pipe  of  uniform  diameter  has  a  aeries  of  branches  diverg- 
ing from  it,  so  that  the  flow  of  water  through  it  becomes  less  and 
less  at  an  uniform  rate,  until  the  pipe  terminates  at  a  "  doad  e»iC 
the  virtual  declivity  goes  on  dimini^ng,  being  proportional  to  tht 
9quan  of  the  distaiuse  from  the  dead  end;  the  excess  of  the  head  ac 
any  point  above  the  head  at  the  dead  end  is  proportional  to  the 
euie  of  the  distcmce  Jrom  the  dead  end;  and  the  total  virtual 
fall,  from  the  commencement  of  the  pipe  to  the  dead  end,  is  one- 
third  of  what  it  would  have  been  had  the  whole  quantity  of  water 
flowed  along  the  pipe  without  diverging  into  branch  pipes. 

All  dead  ends  of  pipes  should  be  provided  with  soouring-valt^^^ 
which  should  be  opened  frrom  time  to  time  to  prevent  the  accumu- 
lation of  deposit  there.  Pipes  should  be  laid  out  and  connected 
with  each  other  so  as  to  have  as  few  dead  ends  as  possible ;  and 
with  that  view  it  is  desirable  that  service-pipes  should,  if  practi- 
cable, be  connected  at  both  ends  with  maina 

The  use  of  loaded  valves  to  moderate  pressure  has  already  bees 
mentioned  in  Article  491,  p.  732. 
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The  system  called  that  of  conatcmt  service,  according  to  which  all 
distributing-pipes  are  kept  charged  with  water  at  all  times,  is  the 
best,  not  only  for  the  conyenience  of  the  inhabitants,  but  also  for 
the  durability  of  the  pipes,  and  for  the  purity  of  the  water;  for 
pipes,  when  alternately  wet  and  dry,  tend  to  rust;  and  when 
emptied  of  water,  they  are  liable  to  collect  rust,  dust,  coal-gas,  and 
the  effluvia  of  neighbouring  sewers,  which  are  absorbed  by  the 
-water  on  its  re-admission.  In  order,  however,  that  the  system  of 
constant  service  may  be  carried  out  with  efficiency  and  economy,  it 
is  necessaiy  that  the  diameters  of  the  pipes  should  be  carefully 
adapted  to  their  discharges,  and  to  the  elevation  of  the  district 
which  they  are  to  supply,  and  that  the  town  should  be  Sufficiently 
provided  with  town  reservoirs.  When  these  conditions  are  not 
fulfilled,  it  may  be  indispensable  to  practise  the  system  of  tTUer- 
miUent  service,  especially  as  regards  elevated  districts ;  that  is  to 
say,  to  supply  certain  distric^ts  in  succession,  during  certain  hours 
of  the  d^y.  The  adoption  of  this  system  makes  it  necessary  for  the 
inhabitants  to  have  cisterns  in  their  houses  for  the  purpose  of 
holding  the  daily  store  of  water.  In  the  poorer  districts  of  towns, 
it  is  often  advisable  to  have  one  large  tank  for  a  group  of  small 
houses,  instead  of  a  cistern  in  each  house;  the  tank  may  be  under 
the  control  of  the  water-work  officials,  and  may  be  filled  once  a 
day,  and  the  householders  may  be  supplied  from  it  through  small 
pipes  constantly  chaiged,  and  may  thus  have  the  convenience  of 
constant  service  although  the  supply  to  the  tank  is  intermittent 

500  A.  On  the  subject  of  the  collection,  conveyance,  and  dis- 
tribution of  water  generally,  special  reference  may  be  made  to  the 
works  of  Du  Buat,  M.  D'Aubuisson,  Mr.  Neville,  and  Mr. 
Downing,  On  Hydraxdica;  Tredgold's  Hydravlic  Tracts;  Mr. 
Beardmore's  HydroAdic  Tables;  Professor  Becker's  "  Wasserbau-** 
and  Dr.  Hagen's  "  Handbuch  der  Wasserbavhmsty^  (Konigsberg, 
1853  to  1857);  and  on  that  of  the  water  supply  of  towns,  to  the 
Parliamentary  Reports  on  the  supply  of  water  to  the  meti-opolis, 
and  to  the  Rqnyrts  of  the  Board  of  Health  on  the  same  subject. 
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CHAPTER  IIL 

OF  WORKS  OF  nrULKD  KATIQATIoy. 

Sbctiok  L — Of  CanaU. 

501.  CbMte  ClBwudi  WfilncttoB  ttf  Um  ui4  x^ervfa-^Oanals  msr 
be  divided  into  three  classes — 

L  Levd  Canals,  or  Ditch  Canals,  consisting  of  one  readi  arjxmd, 
which  is  at  the  same  level  throughout.  The  most  economical 
course  for  a  canal  of  this  sort  is  obviouslj  one  which  neailj  follow^ 
a  contour-line,  except  where  opportunities  occur  of  saving  expense 
bj  crossing  a  ridge  or  a  valley  so  as  to  avoid  a  long  circuit 

IL  Lateral  Canals,  which  connect  two  places  in  the  same  vallev, 
and  in  which,  therefore,  there  is  no  summit  level,  the  &11  taking 
place  in  one  dii^ection  only.  A  lateral  canal  is  divided  into  a  series 
of  level  reaches  or  ponds,  connected  ty  sudden  changes  of  level,  at 
which  there  are  either  single  locks  or  flights  of  locks,  or  some 
otlier  means  of  transfeiring  boats  from  one  level  to  another.  The 
« lift"  of  a  single  lock  ranges  from  2  feet  to  12  feet,  and  is  most 
commonly  8  or  9  feet  Each  level  reach  is  to  be  laid  out  on  the 
same  principles  with  a  level  canal.  In  fixing  the  lengths  of  the 
reaches  and  the  positions  of  the  locks,  the  engineer  ^ould  have 
regard  to  the  fact  that  economy  of  water  is  promoted  by  distiiboting 
a  given  fall  amongst  single  locks  with  reaches  between  them,  rather 
than  concentrating  the  whole  fiedl  at  one  flight  of  locks. 

IIL  Canals  wUh  Summits  have  to  be  laid  out  with  a  view  to 
economy  of  works  at  the  passes  between  one  valley  and  another. 
and  witJi  a  view  also  to  the  obtaining  of  sufficient  supplies  of  vatcr 
at  the  summit  reaches.  The  subject  of  the  supply  of  water  to 
canals  will  be  considered  further  on. 

502.  F#nt  uidl  ]»iaic«il«M  •f  Waicr-wmr* — Although,  for  iht' 
sake  of  saving  expense  in  aqueducts  and  bridges,  short  portions  of 
a  canal  may  be  miade  wide  enough  for  the  passage  of  one  boat  oolj, 
the  general  width  ought  to  be  sufficient  to  allow  two  boats  to  pass 
each  other  easily.  The  depth  of  water  and  sectional  area  of  water- 
way should  be  such  as  not  to  cause  any  material  increase  of  the 
resistance  to  the  motion  of  the  boat  beyond  what  it  would  encoun- 
ter in  open  water.  The  following  are  the  general  roles  which  fuiiil 
these  conditions:^ 
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Leasi  Breadth  at  Bottom  =:  2  x  greatest  breadth  of  a  boai 
Least  Depth  of  Water       =1^  foot  +  greatest  draught  of  a  boat 
Least  Area  of  Water-way  =:  6  x  greatest  midship  section  of  a  boat 

The  bottom  of  the  watei^way  is  flat  The  sides,  when  of  earth 
(which  is  generally  the  case),  should  not  be  steeper  than  1^  to  1; 
w^hen  ofmasonry,  they  may  be  vertical;  but,  in  that  case,  about  2 
feet  additional  width  at  the  bottom  must  be  given  to  enable  boats  to 
clear  each  other,  and  if  the  length  traversed  between  vertical  sides 
is  great,  as  much  more  additional  width  as  may  be  necessary  in 
order  to  give  sufficient  sectional  area. 

The  customary  dimensions  of  canal-boats  have  been  fixed  with  a 
view  to  horse-haulage.  The  most  economical  use  of  horse-power  on 
a  canal  is  to  draw  heavy  boats  at  low  speeds.  The  heaviest  boat 
that  one  horse  can  draw  at  a  speed  of  from  2  to  2^  miles  an  hour 
weighs,  with  its  cargo,  about  105  tons,  is  about  70  feet  long  and 
12  feet  broad,  and  draws  about  4^  feet  of  water  when  fully  loaded. 
Smaller  boats,  which  a  horse  can  draw  at  3^  or  4  miles  an  hour,  are 
of  about  the  same  length,  6  or  7  feet  broad,  and  draw  about  2^  feet 
of  water. 

Boats  of  the  greater  breadth  above-mentioned  can  easily  be  adapted 
to  the  various  methods  of  propulsion  by  steam,  whether  by  means 
of  the  screw  propeller  or  the  warping  chain,  or  fixed  engines  and 
endless  wire  ropes  (Mr.  LiddelFs  system). 

Ordinary  canals  are  suited  to  boats  such  as  the  above.  A  laiger 
class  of  canals  are  suited  to  sea-going  vessels. 

The  following  are  examples  of  the  extreme  and  ordinary  dimen* 
sions  of  canals: — 

Breadth  Breadth  Depth 

at  Bottom.         at  Top- water.  of  Water. 

Small  canal, 12  feet, 24  feet,  ......    4  feet 

Ordinary  canal,....  25    „     40    „     .!....    5    ,, 

Large  canal, 50    „     ...'...110    „     20  „ 

503.  couiracttoB  •£  a  CuuiL — The  least  expensive  parts  of  a 
canal  are  those  in  which  the  upper  part  of  the  water-way  is  con- 
tained between  two  embankments,  and  the  lower  part  in  a  cutting, 
the  earth  dug  from  which,  together  with  that  dug  from  the  side- 
drains  at  the  foot  of  the  outer  slopes,  is  just  sufficient  to  ibrm  the 
embankments. 

All  canal  embankments  should  be  formed  and  rammed  in  thin 
layers.  (Article  203,  p.  341.)  The  width  of  the  embankment 
which  carries  the  towing-path  is  usually  about  1 2  feet  at  the  top ; 
that  of  the  opposite  embankment  at  least  4  feet,  and  sometimes  6 
feet  Each  embankment  has  a  vertical  puddle  wall  in  its  centre 
from  2  to  3  feet  thick. 
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la  cutting,  there  should  be  a  bench  or  benn  of  12  or  14  feet  wide, 
at  one  side,  for  the  towing-path,  and  on  the  opposite  aide  a  bench 
about  3  or  4  feet  wide  at  the  same  level  At  the  feet  of  the 
dopes,  which  terminate  at  those  benches,  there  are  a  pair  of  side- 
drains,  as  described  in  Article  193,  p.  335.  These  side-drains 
discharge  their  water  at  intervals  into  the  canal  through  tubes. 

The  surface  of  the  towing-path  is  usually  about  2  feet  above  the 
water-level  It  is  made  to  slope  slightly  in  a  direction  away  from 
the  canal,  in  order  to  give  a  better  foot-hold  for  the  horses,  as  they 
draw  in  an  oblique  direction. 

The  slopes  are  to  be  pitched  with  dry  stone  from  6  to  9  inches 
thick. 

Occasionally  it  may  be  necessary  to  line  a  canal  with  concrete, 
or  to  £Bce  the  sides  with  rows  of  sheet-piling,  in  order  to  retain  tbe 
water. 

Natural  waterHX)urse8  are  to  be  carried  below  the  canal  by  meftns 
of  bridges  and  cul?erts,  and,  if  necessary,  by  inverted  siphons  of 
masonry  or  iron.  Where  such  water-courses  are  above  the  level  of 
the  canal,  their  waters  may  be  partly  used  for  supplying  it;  but 
means  should  be  provided  for  carrying  such  waters  whoUy  across 
the  canal  when  required. 

Each  reach  of  a  canal  should  be  provided  with  waste-weirs  in 
suitable  positions,  to  prevent  its  waters  from  rising  to  too  high  a 
level ;  also  with  sluices,  through  which  it  may  be  wholly  emptied  of 
water  for  purposes  of  repair;  and  in  a  reach  longer  than  two  miles, 
or  thereabouts,  there  may  be  stop-gates  at  intervals,  so  that  one 
division  of  the  reach  may  be  emptied  at  a  time,  if  necessary.  The 
rectangular  channel  under  a  bridge  or  over  an  aqueduct  is  a  suitable 
place  for  such  gates. 

Leaks  in  canab  may  sometimes  be  stopped  by  shaking  loose  sand, 
clay,  Ume,  chaff,  &c.,  into  the  water.  The  particles  are  carried  into 
the  leaks,  which  they  eventually  choke  by  their  accumulation. 

504.  Cauil  a««ed«cta  aad  Fixed  BridgM. — A  canal  aqiiednct 
like  the  aqueducts  for  conduits  already  mentioned  in  Article  476, 
p.  720,  is  a  bridge  supporting  a  water-channel.  The  trough  or 
channel,  for  economy's  sake,  is  usually  made  wide  enougb  for  one 
boat  only.  Its  bottom  is  flat,  or  nearly  so ;  its  sides  vertical  or 
slightly  battering.  In  aqueducts  of  masonry,  the  total  thickness 
of  material,  from  the  side  of  the  trough  to  the  face  of  the  spandril- 
wall,  is  usually  4  feet  at  least  at  the  side  furthest  from  the  towing- 
path;  at  the  towing-path  side  it  is  sufficient  for  a  towing-path  of 
from  6  to  10  feet  wide,  and  a  parapet  from  15  to  18  inches  thick. 

In  Telford's  cast  iron  aqueduct,  known  as  Pont-y-Cysylte,  tie 
channel  is  a  rectangular  trough  of  cast  iron,  supported  on  cast  iron 
segmental  arched  ribs  of  45  feet  span.     The  trough  is  of  the  whole 
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^idth  of  the  bridge,  about  12  feet,  and  the  towing-path,  5  feet  8 
inches  wide,  covers  part  of  the  trough. 

The  pnnciple  of  the  suspension  bridge  is  peculiarly  well  adapted 
to  aqueducts,  because,  as  each  boat  displaces  its  own  weight  of 
water,  the  onlj  disturbance  of  the  umform  distribution  of  the  load 
is  that  aiising  from  the  passage  of  men  and  horses  along  the 
towing-path.  An  aqueduct  of  this  sort,  designed  hj  Mr.  Eoebling, 
with  seven  spans  of  160  feet,  carries  a  canal  16  feet  wide  and  8  feet 
deep,  over  the  Alleghany  River  at  Fittsbuig. 

Fixed  bridges  over  canals  require  no  special  explanation,  except 
to  state  that,  in  the  older  examples  of  them,  the  water-way  is 
contracted  so  as  to  admit  one  boat  only,  and  the  towing-path  is 
only  6  feet  wide,  or  thereabouts,  the  headroom  over  it  being  about 
10  feet.  Sometimes  the  archway  admits  the  water-channel  alone, 
while  the  towing-path  ascends  to  the  approach  of  the  bridge  and 
descends  again,  the  tow-rope  being  cast  loose  while  the  horse  passes 
over.  As  to  bridges  for  carrying  railways  over  canals,  see  Article 
436,  p.  663. 

Tunnels  for  canals  usually  have  the  water-way  and  towing-path 
contracted  as  already  described ;  and  sometimes  the  towing-path  is 
dispensed  with,  the  boats  being  pushed  through  by  means  of  poles, 
or  by  the  hands  and  feet  of  the  boatmen,  with  the  aid  of  notches 
in  the  brickwork,  or  by  means  of  the  various  methods  of  steam 
propulsion. 

505,  n^TMiklA  BtMcM  cross  a  canal  near  its  water-level  are 
made  of  timber  or  of  iron,  and  are  capable  of  being  opened  so  as  to 
leave  the  navigation  clear,  and  closed  so  as  to  form  a  passage  for  a 
road  or  i-ailway  by  one  or  other  of  five  kinds  of  movement,  viz., 
I.  By  turning  about  a  horizontal  axis ;  II.  By  turning  about  a 
vertical  axis;  III.  By  rolling  horizontally;  IV.  By  lifting  verti- 
cally ;  V.  By  floating  in  the  canaL  As  regards  the  adaptation  of 
the  strength  and  stifihess  of  a  moveable  bridge  to  the  greatest  load 
which  it  has  to  bear  when  closed,  it  differs  in  no  respect  ^m  a 
fixed  bridge.  But,  besides  having  the  strength  and  stiffness  required 
in  a  fixed  bridge,  it  must  fulfil  some  other  conditions,  whidi  are 
as  follows : — If  it  turns  about  an  axis,  it  must  be  so  balanced  that 
its  centre  of  gravity  shall  always  lie  in  that  axis;  if  it  rolls  back- 
wards and  forwards  it  must  be  so  balanced  that  its  centre  of 
gravity  shall  always  lie  over  the  base  or  platform  on  which  it 
rolls :  in  either  of  those  cases  it  must  have  strength  sufficient  to 
support  safely  the  overhanging  part  of  its  own  structure,  when 
deprived  of  direct  support;  if  it  is  lifted  vertically,  it  "must  be 
counterpoised;  and  if  it  is  carriexl  by  a  pontoon  or  float,  that  float 
must  displace  a  mass  of  water  equal  in  weight  to  the  bridge,  and 
must  have  sufficient  stability. 
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L  A  bridge  which  turns  about  a  horixontal  axis  near  an  end  <^ 
its  span  is  odled  a  draw-Mdffe.  It  is  opened  bj  being  raised 
into  a  vertical  position  hj  means  of  a  pinion  driving  a  toothed 
sector.     It  Lb  best  suited  for  small  spana 

IL  A  bridge  which  turns  aboujb  a  vertical  axis  is  cslled  & 
turing-bridge.     Its  principal  parts  are  as  follows  : — 

A  pier  of  masomy  or  iron,  supporting  a  circular  baae-plate  of  % 
diameter  equal,  or  nearly  equal,  to  the  breadth  of  the  bridge.  Th&t 
base-plate  has  a  pivot  in  the  centre,  and  a  circular  race  or  track  for 
roUers  round  the  circumference,  as  in  a  railway  turntable : 

A  roller  frame  turning  about  the  central  pivol^  with  a  set  of 
conical  rollers  resting  on  the  race : 

A  circular  revolving  platform  resting  on  the  pivot  and  rollers: 

A  toothed  arc  fixed  to  the  revolving  platform,  with  suitable 
wheel- work  for  giving  it  motion : 

A  set  of  parallel  girders,  resting  on  and  fiistened  to  the  revalTing 
platform,  of  the  strength  and  stiffiiess  required  by  the  principled 
already  stated,  and  supporting  a  roadway. 

The  ends  of  the  superstructure  are  bounded  by  arcs  of  circles, 
described  about  the  axis  of  motion,  and  the  ends  of  the  roadway  of 
the  approaches  must  be  formed  to  fit  them  * 

III.  A  rolling  bridge  has  a  strong  frame,  supported  by  wheek 
upon  a  line  of  rails,  and  having  an  overhanging  portion  sufficient 
to  span  the  water-way.  When  closed,  by  bemg  rolled  forward,  the 
rollmg  frame  leaves  a  gap  between  its  platform  and  that  of  one  of 
the  approaches,  which  gap  is  filled  by  rolling  in  another  rolling 
frame  that  moves  sideways.  The  latter  rolling  frame  is  rolled  oat 
of  the  way  before  opening  the  bridge. 

IV.  A  liftiiig  bridge  is  hung  by  the  four  comers  to*  four  chain.s 
which  pass  over  pullies,  and  have  counterpoises  at  their  other 
enda 

V.  A  floating  swing-bridge  rests  on  a  caisson  or  pontoon :  it 
is  opened  and  closed  by  means  of  chains  and  windlasses,  and,  when 
open,  lies  in  a  recess  in  the  side  of  the  canal  made  to  receive  it 
The  pontoon,  being  made  of  sheet  iron,  is  so  designed  as  to  act  ss  » 
tubular  girder  when  the  bridge  is  dosed. 

506.  CaMl  l^oclu.— Figs.  290,  291,  and  292,  show  the  general 
arrangement  of  the  parts  of  a  canal  lock.  Fig.  290  is  a  longi- 
tudinal section,  fig.  291,  a  plan,  and  fig.  292  a  cross-section,  iool:- 
ing  upwards. 

*  For  en  example  of  a  swing-bridge  on  a  great  teale,  referenee  may  be  ma^  ^ 
one  planned  by  Mr.  Hemans  and  constmcted  bj  Messrs.  Fairbaim,  wbidi  csnin  i^ 
Midland  Great  Western  Railway  of  Ireland  over  the  entrance  to  Longh  Atafi«> 
It  has  two  spans  of  60  feet  eacii,  and  Is  balanced  on  a  central  pier  of  34  fc^ 
diameter.    It  is  described  in  detail  in  BCr.  Hwnberls  wock  (h  Iron  Bn^e$. 
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A  is  the  lock-chamJber ;  a,  a,  its  side  walls;  E,  itsfloor^  or  invert 


Ilg.  291. 

Its  clear  length  should  be  at  least  equal  to  that  of  the  longest 

vessel   used  on    the    canal,  inclading  the 

rudder;  its  clear  breadth,  one  foot  more  than 

the  greatest  breadth  of  a  vessel ;  its  greatest 

depth  of  water  should  be  =   1^  foot  + 

greatest  ds^ught  of  a  vessel  +  lift  of  the 

lock.     Its  depth  from  the  cope  of  the  side 

walls  to  the  bottom  may  be  about  2  feet 

moi*e. 

The  side  walls  and  floor  are  recessed  to 
admit  of  the  opening  of  the  "  tail-gates." 

The  floor  is  level  with  the  bottom  of  the  lower  of  the  two  ponds 
to  be  connected. 

B  is  the  head-bay,  with  its  side  walls  and  floor,  which  ai*e 
recessed  to  admit  of  the  opening  of  the  "  head-gates."  The  side- 
walls  end  in  curved  wings.  The  floor  is  level  with  the  bottom  of 
the  upper  pond. 

0,  the  taU  bay,  with  its  side  walls  and  floor.  The  side  walls 
end  in  curved  wings :  the  floor  in  a  dry  stone  pitching  or  apron. 

D,  the  li/t-uxdl,  which  is  usually  built  like  a  horizontal  arch. 

F,  the  head-gates,  whose  lower  edges,  when  shut,  press  against 
the  head  mUre^Ml,/, 


Fig.  292. 
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G,  the  taU-ffotei,  whose  lower  edges,  when  shut,  press  against  tlie 
tail  miire-sUl,  g. 

The  older  locks  are  filled  and  emptied  through  sluice  in  their 
head  and  tail-gate^ ;  but  now  the  more  general  practice  is  to  TL««e 
for  that  purp)ose  inlet  and  outlet  passages  with  slide-TalTes.  Tbe?« 
passages  may  either  be  culverts  contained  in  the  thickness  of  the 
masonry,  or  iron  pipes  in  such  positions  as  those  marked  hyhyk^k 

The  cylindrical  recesses  in  which  the  gates  are  hinged  are  called 
the  hollow  q^ioins. 

The  following  parts  of  a  lock  are  usually  of  ashlar : — The  quoins 
hollow  quoins,  cope,  recesses  for  the  gates  (or  "gate- chambers'^), 
and  mitre-siUa 

The  mitre-Kills  are  sometimes  faced  with  wood,  to  enable  them 
tlie  better  to  withstand  the  blows  which  th^  receive  fi:t>m  tbe 
gates,  and  to  make  a  tighter  joint. 

The  floor  of  the  lock  is  sometimes  made  of  cast  iron.  (See 
Article  400,  p.  601.) 

The  gates  are  made  of  timber  or  of  iron,  and  each  of  them  con- 
sists of  the  following  principal  parts : — 

The  heel-post,  about  the  axis  of  which  the  gate  turns.  This  post  is 
cylindrical  on  the  side  next  the  hollow  quoins,  which  it  exactly 
fits  when  the  gate  is  shut  It  is  advisable  to  make  it  slightly 
eccentric,  so  that  when  the  gate  is  opened,  it  may  cease  to  rub  on 
the  hollow  quoins.  At  its  lower  end  it  rests  on  a  pivot,  and  its 
upper  end  turns  in  a  circular  collar,  which  is  strongly  anchored 
back  to  the  masonry  of  the  side  walls : 

The  mitre-post,  foiming  the  outer  edge  of  the  frame  of  the  gate, 
which,  when  the  gate  is  shut^  abuts  against  and  makes  a  tight 
joint  with  the  miti-e-post  of  the  opposite  leaf:  • 

The  cross-pieces,  which  extend  horizontally  between  the  heel- 
post  and  mitre-post : 

The  deadtTig  or  covering,  which  may  consist  of  timber  planking 
or  iron  plates.  When  it  consists  of  planks,  they  run  either  verti- 
cally or  diagonally: 

The  diagonal  bracing,  which,  in  its  simplest  form,  may  consi^ 
either  of  a  timber  strut  extending  from  the  bottom  of  the  heel -post 
to  the  top  of  the  mitre-post,  or  of  an  iron  tie-bar  extending  from 
the  top  of  the  heel-post  to  the  bottom  of  the  mitre-poet 

The  gates  shown  in  the  sketch  are  provided  with  hdl4mce-iiars. 
A  balance-bar  is  bolted  to  the  top  of  the  mitre-post,  slopes  atightly 
upwards,  and  crosses  over  the  top  of  the  heel-post,  which  is  mortised 
into  it,  and  has  a  long  and  heavy  overhanging  end,  which  acts  ns 
a  counterpoise  to  bring  the  centre  of  gravity  of  the  gate  near  tbe 
heel-post,  and  as  a  lever  to  open  and  shut  it  by. 

Sometimes  the  balance-bar  is  dispensed  with,  and  eaoh  gate  has 
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one  or  more  roUers  under  its  lowest  cross-bar,  to  assist  the  pivot' in 
supporting  its  weight  Each  of  those  rollers  runs  upon  a  quad- 
rantal  iron  rail  on  the  floor  of  the  gate-chamber.  This  mode  of 
construction  is  almost  always  adopted  in  large  and  heavy  gates 
that  require  chains  and  windlasses  to  open  and  shut  them. 

The  following  are  some  of  the  ordinary  dimensions  and  propor- 
tions of  locks,  in  addition  to  those  already  stated : — 

The  mitre-sills  rise  from  6  to  9  inches  above  the  floor : 

Versed-sine  of  mitre-sill,  from  ^  to  ^  of  breadth  of  lock  : 

Clearance  in  depth  of  the  recesses  for  the  gates,  y^^y  of  thickness 
of  gate;  clearance  in  length,  j  of  length  of  gate : 

Least  thickness  of  the  side  walls  at  the  top,  about  4  feet 
Greatest  thickness  at  the  base,  fixed  according  to  the  principles 
of  the  stability  of  walls,  usually  from  |  to  ^  of  the  height : 

Length  of  side  walls  of  head-bay  above  gate-chamber,  about  ^  of 
breadth  of  lock : 

Lai^  counterforts  opposite  hollow  quoins  to  have  stability 
enough  to  withstand  the  asdculated  transverse  thrust  of  the  gates. 

The  longitudinal  thrust  of  the  head-gates  is  borne  by  the  side 
walls  of  the  lock-chamber;  that  of  the  tail-gates  by  the  side  walls 
of  the  tail-bay.  To  give  the  latter  walls  sufficient  stability,  the 
rule  is  to  make  their  length  as  follows : — 

Breadth  of  lock  x  greatest  depth  of  water  -*-  15  feet 

Versed-sine  of  lift-wall,  from  1-1 2th  to  l-7th  of  breadth  of  lock. 

Floor  of  head-bay:  least  thickness,  from  10  inches  to  14  inches. 

Floor  of  lock-chamber:  versed-sine,  about  l-15th  of  breadth; 
thickness,  from  l-15ih  to  l-3rd  of  breadth,  according  to  the  nature 
of  the  foundation. 

Foundations  of  various  kinds  have  been  sufficiently  explained. 
It  has  only  to  be  added  that,  when  a  lock  is  founded  on  a  timber 
platform,  longitudinal  pieces  of  timber  extending  along  the  whole 
length  of  the  foundation  are  to  be  avoided,  lest  they  guide  streams 
of  water  along  their  sides;  that  transverse  trenches  under  the 
foundation,  filled  with  hydraulic  concrete,  are  a  good  means  of 
preventing  leakage;  and  that,  in  porous  soils,  the  whole  space 
behind  the  lift- wall  and  under  the  floor  of  the  head-bay  may  be 
filled  with  a  mass  of  concrete. 

Length  of  apron  from  15  to  30  feet 

The  dimensions  of  the  diflerent  parts  of  the  gates  are  to  be 
computed  according  to  the  principles  of  the  strength  of  materials. 
It  appears  that  the  fiictor  of  safety  in  many  actual  lock-gates,  h  as 
low  as  3  or  4.  This  can  only  be  sufficient  by  reason  of  the  perfect 
steadiness  of  the  load. 

507.  incUaed  pjabm  •■  CaMJs. — To  save  the  time  and  water 
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expended  in  shifting  boats  from  one  level  to  anotber  hy  means  of 
locks,  inclined  planes  are  used  on  some  canal&  Their  general 
arrangement  is  as  follows : — The  upper  and  lower  readi  of  the 
canal,  at  the  places  which  are  to  be  connected  by  inclined  pknes^ 
are  deepened  sufficiently  to  admit  of  the  introdnction  of  watff- 
tight  iron  caissons,  or  moveable  tanks,  under  the  boats.  Two 
parallel  lines  of  rails  start  from  the  bottom  of  the  lower  reach, 
ascend  an  inclined  plane  np  to  a  summit  a  little  above  the  water- 
level  of  the  upper  reach,  and  then  descend  down  a  short  indineti 
plane  to  the  bottom  of  the  upper  reach.  There  are  two  caissons, 
or  moveable  tanks  on  wheels,  each  holding  water  enoogii  to  float  a 
boat  One  of  these  caissons  runs  on  each  line  of  rails;  and  ther 
are  so  connected,  by  means  of  a  chain,  or  of  a  wire  rope,  running 
on  moveable  pullies,  that  when  one  descends  the  other  ajsoeDd>. 
These  caissons  balance  each  other  at  all  times  when  both  are  on 
the  long  incline,  because  the  boats,  light  or  heavy,  whidi  ther 
contain,  displace  exactly  their  own  weight  of  water.  There  is  t 
short  period  when  both  caissons  are  in  the  act  of  coming  oat  of  tbe 
water,  one  at  the  upper  and  the  other  at  the  lower  reach,  when  tbe 
balance  is  not  maintained;  and,  in  order  to  supply  the  power 
I'equired  at  that  time,  and  to  overcome  friction,  a  steam  engine 
drives  the  main  pully,  as  in  the  case  of  fixed-engine  plsoi^ 
on  railways  * 

Boats  may  be  hauled  up  on  wheeled  cradles  without  using 
caissons;  but  this  requires  a  greater  expenditure  of  power.  Mr. 
Thomas  Grahame  has  proposed  a  method  of  performing  this  pro- 
cess which  would  enable  a  fixed  engine  to  be  dispensed  with  where 
steamboats  are  used.  It  consists  in  providing  each  steamer  with 
a  windlass,  driven  by  its  engine,  and  the  inclined  plane  simply 
with  a  rope,  whose  upper  end  is  made  fast  while  its  lower  end  is 
loose.  The  boat  is  floated  on  to  the  cradle  at  the  bottom  of  the 
plane;  the  loose  end  of  the  rope  is  laid  hold  of  and  attached  to 
the  windlass,  which,  being  driven  by  the  engine,  causes  the  boat 
to  haul  itself  up  the  inclined  plane. 

On  some  canals  vertical  lifts  with  caissons  are  used  instead  cf 
inclined  planes.t 

508,  Water  Sapply  •f  CabkIs. — Canals  are  supplied  with  water 
from  gathering-grounds,  springs,  rivers,  and  wells,  by  the  aid  c^ 
reservoirs  and  conduits;  and  their  supply  involves  the  same  ques- 
tions of  rain-fall,  demand,  compensation,  &c.,  which  have  alraidj 
been  treated  of  in  Chapter  II.  of  this  Part 

*  For  A  description  of  an  indhied  pUoe  of  this  sort,  used  on  the  MonUand  Caoil 
near  Glasgow,  see  the  Trtauactions  qftke  Royal  ScoUiA  SoeSefy  0/  ArU  for  IS&S. 

t  An  improved  srstem  of  apparatus  for  snch  lifts,  proposed  by  Mr.  Geoige  SimpsaQi 
is  described  in  (he  Thmsactions^tke  InsCUutim  of  Et^tManmaaoOand  far  ISSQ^L 
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The  demand  for  water,  in  the  case  of  a  canal;  may  be  estimated 
as  follows : — 

I.  WcLste  of  Water  by  leakage  of  the  channel,  repairs,  and 
evaporation,  per  day  =  area  of  surface  of  the  canal  x  ^  of  a 
foot,  nearly. 

II.  Cwrrent  from  the  higher  towards  the  lower  reaches,  pro- 
duced by  leakage  at  the  lock  gates,  per  day,  from  10,000  to  20,000 
cubic  feet,  in  ordinary  cases. 

III.  Lockage,  or  expenditure  of  water  in  passing  boats  hx)m  one 
level  to  another. 

Let  L  denote  a  lock/kd  of  water;  that  is,  the  volume  contained 
in  the  lock-chamber,  between  the  upper  and  lower  water-levels. 

B,  the  volume  displaced  by  a  boat. 

Then  the  quantities  of  water  discharged  from  the  upper  pond, 
at  a  lock  or  a  flight  of  locks,  under  various  circumstances,  are 
shown  in  the  following  tables.  The  sign  —  prefixed  to  a  quantity 
of  water  denotes  that  it  is  displaced  from  the  lock  into  the  upper 
pond, 

SccoLs  Lock.                      Lock  found,  Water  discharged.    Lock  left, 

One  boat  descending empty, L  —  B\  ^^«*. 

„    Ml,.:. -b|     "°p'y- 

One  boat  ascending, emptjor  full,  ..  L  +  B             fall. 

2  n  boati^  descending  and)  descending  full, >  r               /descending  empty. 

ascending  alternately,  >  ascendbg empty/  \ ascending  full. 

Train  of »  boats  descending,  empty, n  L  —  n  B  1  «^«4.. 

Train  of  n  boats  ascending,     empty  or  full,...  n  L  +  »  B         fuIL 

Two   trains,    each    of  n) 

boats,  the  first  descend-  >     fall, ;...         (2  a  —  1}  L        fnlL 

ing,  the  second  ascending,} 

FuGHT  or  m  Locks.                Locks  found,         Water  discharged.   Locks  left, 
One  boat  descending, empty, L  —  B>        emotv 

One  boat  ateending, empty, m  L  +  Bf 

Mt... L  +  Bf 


fiilL 


fiilli 

2  n  boats,  descending  and)  descending  full, )  m  »  L         /descending  empty, 

ascending  alternately,  j  ascending  empty  f  'X  ascending  full. 

Train  of«  boats  descending,  emnty, fiL  —  nB    >  . 

I,  t,  t,  ftul, (n  —  1)L — fiBi  *^ -^ 

Train  of  n  boats  ascending,  empty, (f»+»  —  l)ti+»B)  ^^ 

11  IT  V  fnll, » L  +  »i  B        f 

Two  trains,    each   of  n) 

boats,  the  first  descend-  >•  full, (m  +  2  «  —  2)  L      full. 

ing,  the  second  a.soending,  J 

From  these  calculations  it  appears,  as  has  been  already  stated, 
that  single  locks  are  more  favourable  to  economy  of  water  than 
flights  of  locks;  that  at  a  single  lock  single  boats  ascending  and 
descending  alternately  cause  less  expenditure  of  water  than  equal 
numbers  of  boats  in  trains;  and  that,  on  the  other  hand,  at  a  flight 


752  COMBINKD  STRUCraRES. 

of  locks,  boats  in  trains  cause  less  ezpenditnre  of  water  than  equal 
numbers  of  boats  ascending  and  descending  alternately. 

For  this  reason,  when  a  long  flight  of  locks  is  unavoidable,  it 
is  usual  to  make  it  double ;  that  is,  to  have  two  similar  flights  side 
by  side — using  one  exclusively  for  ascending  boats  and  the  other 
exclusively  for  descending  boats. 

Water  may  be  saved  at  flights  of  locks  by  the  aid  of  side  ponds 
(sometimes  called  **  lateral  resen'oirs**).  The  use  of  a  side  pond  is 
to  keep  for  future  use  a  certain  portion  of  the  water  dischai^^d 
from  a  lock,  when  the  locks  below  it  in  the  flight  are  full,  which 
water  would  otherwise  be  wholly  discharged  into  the  lower  r^ch. 
Let  a  be  the  horiiontal  area  of  a  lock-chamber,  A  that  of  its  side 
|)ond;  then  the  volume  of  water  so  saved  is — 
L  A  -  (A  +  a). 

SEcnON  II.— Q/'  River  NavigaJtum. 

509.  An  Op«i  Rircr  is  one  in  which  the  water  is  left  to  take  a 
continuous  declivity,  being  uninterrupted  by  weirs.  On  the  sub- 
ject of  such  streams  little  has  here  to  be  added  to  what  has  already 
been  stated  in  articles  467  to  471,  pp.  707  to  713.  The  towing- 
path  required,  if  horse  haulage  is  to  be  employed,  is  similar  to  that 
of  a  canaL 

The  effect  of  the  current  of  the  stream  on  the  load  which  one 
horse  is  able  to  draw  against  it  at  a  walk  may  be  roughly  estimated 
as  follows : — 

Load  drawn  against  current  =  load  drawn  in  still  water  x  f  ^^^ —  j  ; 

V  being  the  velocity  of  the  current  in  feet  per  second. 

It  would  be  foreign  to  the  subject  of  this  work  to  discuss  the 
principles  of  the  propulsion  of  vessels  by  steam  and  sails. 

510.  A  CaaaiiBed  ritmt  \a  one  in  which  a  series  of  ponds  or 
reaches,  with  a  greater  depth  of  water  and  a  slower  current  than 
the  river  in  its  natural  state,  have  been  produced  by  means  of 
weirs.  The  construction  and  effect  of  weirs  have  been  explained 
in  Article  472,  p.  713,  and  the  previous  articles  there  referred  to. 

Each  weir  on  a  navigable  river  requires  to  be  traversed  by  & 
lock  for  the  passage  of  vessels,  the  most  convenient  place  for  which 
is  usually  near  one  end  of  the  weir,  next  the  bank  where  the 
towing-path  is.  River  locks  differ  from  canal  locks  in  having  no 
lift- wall,  so  that  the  head-gates  and  tail-gates  are  of  equal  height 

511.  iii«TceM«  BtMcM  vTcr  RiTcrs  are  identical  in  principle 
with  those  over  canals,  and  differ  from  them  only  in  being  of 
greater  size.  Examples  of  them  have  already  been  cited  in 
Article  505,  p^  706. 
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CHAPTER  IV. 

OF  TIDAL  AlTD  OOAST  WORKS. 

Section  I. — Of  Waves  and  Tides. 

512,  ]ii«€i«B  •r  OrditamT  Wktm. — ^The  following  deacription  of 
wave-motion  in  water  is  founded  chiefly  on  the  theoretical  investi- 
gations of  Mr.  Airy,  confirmed  by  the  observations  of  the  Messra 
Weber  and  of  Mr.  Scott  Eussell,  with  a  few  additions  founded  on 
later  researches. 

Ordinary  waves  in  water  are  propagated  horizontally;  the  motion 
of  each  particle  takes  place  in  a  vertical  plane,  parallel  to  the 
direction  of  propagation; 
the  path  or  orbit  described 
by  each  particle  is  approxi- 
mately elliptic  (see  fig. 
293),  and  in  water  of  uni- 
form depth  the  longer  axis 
of  the  elliptic  orbit  is  hori- 
zontal, and  the  shorter 
vertical;  the  centre  of  that 

orbit  lies  a  little  above  the  Pig,  298. 

position  that  the  particle 
occupies  when  the  water  is  undisturbed;  when  at  the  top  of  its 
orbit,  the  particle  moves  forwa/rds  as  regards  the  direction  of  pro- 
pagation; when  at  the  bottom,  backwards,  as  shown  by  the 
curved  arrows  in  fig.  293,  in  which  the  straight  feathered  arrow 
denotes  the  direction  of  propagation. 

The  particles  at  the  sur£Eioe  of  the  water  describe  the  largest 
orbits ;  the  extent  of  the  motion,  both  horizontally  and  vertically, 
diminishes  as  the  depth  below  the  surface  increases ;  but  that  of  the 
vertical  motion  more  rapidly  than  that  of  the  horizontal  motion,  so 
that  the  deeper  a  particle  is  situated  the  more  flattened  is  its  orbit, 
as  indicated  at  A,  B,  and  C;  a  particle  in  contact  with  the  bottom 
moves  backwards  and  forwards  in  a  horizontal  straight  line,  as  at  D. 

In  water  that  is  deep,  as  compared  with  the  length  of  a  wave  (or 
distance  between  two  successive  ridges  on  the  surfiBice  of  the  water), 
tlie  orbits  of  the  particles  are  nearly  circular,  and  the  motion  at 
great  depths  is  insensible. 

3o 
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The  period  of  a  wave  is  the  time  occupied  hy  each  partide  in 
making  one  revoluiioni  and  is  also  the  time  occupied  hj  a  wave  iu 
travelling  a  distance  equal  to  its  length.  Henoe  we  have  the  fol- 
lowing proportion : — 

mean  speed  of  a  particle     circumference  of  particle's  orbit 
speed  of  the  waves      ~  length  of  a  wave 

The  speed  of  the  toaves  depends  principally  on  their  length  and  on 
the  depth  of  water,  being  greatest  for  long  waves  and  deep  wat<r. 
When  the  depth  of  water  is  greater  than  the  length  of  a  wave  the 
speed  is  not  sensibly  affected  by  the  depth,  and  is  almost  exactly 
equal  to  the  velocity  acquired  by  a  body  in  fidling  through  half  tf 
the  radius  of  a  circle  whose  circumference  is  the  length  of  a  want. 
In  water  that  is  veiy  shallow,  compared  with  the  length  of  the 
waves,  the  velocity  is  nearly  independent  of  the  length,  and  i? 
nearly  equal  to  that  acquired  by  a  heavy  body  in  falling  througli 
half  the  depth  of  the  water  added  to  three-fourths  of  the  height  of  a 
wave. 

Two  or  more  different  series  of  waves  moving  in  the  same,  difiex- 
ent,  and  contrary  directions,  with  equal  or  unequal  speeds,  may 
traverse  the  same  mass  of  water  at  the  same  time,  and  the  motion 
of  each  particle  of  water  will  be  the  resultant  of  the  respective 
motions  which  the  several  series  of  waves  would  have  impressed 
n)x>n  it  had  they  acted  separately.  This  is  called  the  inlerfereRM 
of  waves. 

When  a  series  of  waves  advances  into  water  gradually  becoming 
shallower,  their  periods  remain  unchanged,  but  their  speedy  and 
consequently  their  length,  diminishes,  and  their  slopes  become 
steeper.     The  orbits  of  the  particles  of  water  become  distorted,  as 


Fig.  294. 

at  B,  C,  D,  fig.  294,  in  such  a  manner  that  the  front  of  each  wave 
gradually  beo^mes  steeper  than  the  back;  the  crest,  as  it  were, 
advancing  faster  than  the  trougL  At  length  the  front  of  the 
wave  curls  over  beyond  the  vertical,  its  crest  fells  forward,  and  it 
breaks  into  surf  on  the  beach. 
As  the  enei^  of  the  motion  of  a  given  wave  which  advances 
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xnt€>  shallowing  water,  or  up  a  narrowing  inlet,  is  saocessdvely  com- 
mtmicated  to  smaller  and  smaller  masses  of  water,  there  is  a 
eendeney  to  throw  those  masses  into  more  and  more  violent  agita- 
tion :  that  tendency  may  either  take  effect,  or  it  may  be  counter- 
acted, or  more  than  counteracted,  by  the  loss  of  energy  which  takes 
place  through  the  production  of  eddies  and  surge  at  sudden  changes 
of  depth,  and  through  friction  on  the  bottom. 

"When  waves  roll  straight  against  a  vertical  wall,  as  in  ^g.  295, 
they  are  reflected,  and  the  particles  of  water  for  a  certain  distance 
in,  firont  of  the  wall  have  motions  compounded  of  those  due  to  the 
direct  and   to  the  reflected   waves. 
The   results  are    of   the    following 
kind ; — The  particles  in  contact  with 
the  wall,  as  at  A,  move  up  and  down 
through  a  height  equal  to  douhle  the 
original  height  of  the  waves,  and  so 
also  do  those  at  half  a  wave  length 
from  the  wall,  as  at  C;  the  particles  TUt  296' 

at  a  quarter  of  a  wave  lengtH  from 
the  wall,  as  at  B,  move  backwards  and  forwards  horizontally,  and 
intermediate  particles  oscillate  in  lines  inclined  at  various  angles. 

In  order  that  a  surface  may  reflect  the  waves,  it  is  not  essential 
that  it  should  be  exactly  vertical ;  according  to  Mr.  Scott  Bussell, 
it  will  do  so  even  with  a  batter  of  45°. 

A  vertical  or  steep  surface  which  is  wholly  covered  by  the  water 
reflects  the  wave-motion  of  those  layers  of  water  which  lie  below 
ita  level,  and  thus  a  sunken  rock  or  breakwater,  even  though 
covered  with  water  to  a  considerable  depth,  causes  the  sea  to  break 
over  it,  and  so  diminishes  the  energy  of  the  advancing  waves. 

The  greatest  length  of  waves  in  the  ocean  is  estimated  at  about 
500  feet,  which  corresponds  to  a  speed  of  about  50  feet  per  second, 
and  a  period  of  about  ten  seconds.  TheiT  greatest  height  is  given  by 
Scoresby  as  about  30  feet^  and  this,  with  the  period  just  stated, 
gives  10  feet  per  second  as  the  velocity  of  revoluiaon  of  the  particles 
of  water. 

In  smaller  seas  the  waves  are  both  lower  and  shorter,  and  less 
swifl ;  and,  according  to  Mr.  Scott  Russell,  waves  in  an  expanse  of 
shallow  water  of  nearly  uniform  depth  never  exceed  in  height  the 
undisturbed  depth  of  the. water.  But  the  concentration  of  energy 
upon  small  masses  of  water,  which  occurs  on  shelving  coasts  in  the 
manner  already  stated,  produces  waves  of  heights  greatly  exceed- 
ing those  which  occur  in  water  of  uniform  depth,  as  the  following 
examples  show. 

Pressures  of  waves  against  a  vertical  surface,  at  Skerryvore,  as 
observed  by  Mr.  Alan  Stevenson: — 
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In  lbs.  per  square  foot, 6ii  3086  6083 

I A  feet  of  water, 98  33  97 

Greatest  height  of  breakers  on  the  sonth-west  coast  of  Ireknd, 
as  observed  by  the  Earl  of  Dunraven,  150  feet. 

Recent  investigations  tend  towards  the  conclusion^  whidi  is  in 
accordance  with  observation,  that  eveiy  wave  is  more  or  Ic^  a 
"  wave  of  translation,'*  setting  down  each  particle  of  water,  or  u 
matter  suspended  in  water,  a  little  in  advance  of  where  it  pickrl 
that  particle  up,  and  thus  by  degrees  producing  that  heaping  u;* 
of  water  which  gathers  on  a  lee  shore  during  a  storm.  Tnis 
property  of  waves  accounts  for  the  facts,  that  although  they 
tend  to  undermine  and  demolish  steep  cliffs,  they  heap  up  sand, 
gravel,  shingle,  or  such  materials  as  they  are  able  to  swetrf* 
along,  upon  every  flat  or  sloping  beach  against  which  they  direct] 5 
roll;  that  they  carry  such  materials  into  bays  and  estuaries;  ss<i 
that  when  they  advance  obliquely  along  the  coast  they  make  the 
materials  of  the  beach  travel  along  the  coast  in  the  same  direction. 

513.  TMw  te  G— laaL — ^The  general  motion  of  the  tides  consists 
in  an  alternate  vertical  rise  and  £&11,  and  horizontal  ebb  and  flow, 
occupying  an  average  period  of  half  a  lunar  day,  or  about  12-4  hours, 
and  transmitted  from  place  to  place  in  the  seas  like  a  series  of  very 
long  and  swift  waves,  in  which  the  extent  of  the  horizontal  motion 
is  very  much  greater  than  that  of  the  vertical  motion.  The  extent 
of  motion,  both  vertical  and  horizontal,  undergoes  variations  be- 
tween spring  and  neap,  whose  period  is  half  a  lunation,  and  other 
vanations  whose  periods  are  a  whole  lunation  and  half-a-year. 
The  propagation  of  the  tide-waves  is  both  retarded  and  deflected 
in  gradually  shallowing  water,  the  crests  of  the  waves  having  s 
tendency  to  become  paiullel  to  the  line  of  coast  which  they  are 
approaching. 

Tides  in  narrow  seas,  and  in  the  neighbourhood  of  land  generallj, 
are  modified  by  the  interference  of  different  series  of  waved  arriving 
by  different  routes,  so  as  sometimes  to  present  very  complex  pheno- 
mena. (See  Mr.  Aiiy's  treatise  "  On  Tides  and  Waves,"  in  the 
Enri/clopcfdia  AfetropolUana.)  In  the  following  examples  simple 
cases  only  ai-e  described. 

514.  Tidtel  Waves  te  a  OImu  mad  1»m#  C^kaaael  are  analogous  to 
ordinary  waves,  as  represented  in  fig.  293,  p.  7d3 ;  but  with  the 
modification  that,  owing  to  the  enormous  length  of  the  waves  as 
comf>ared  with  the  depth  of  the  sea,  the  extent  of  horizontal  motion 
is  nearly  equal  at  all  depths,  and  the  extent  of  vertical  motion  in 
any  layer  is  nearly  in  the  simple  proportion  of  its  height  above 
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the  bottom.     The  orbit  of  each  particle  is  a  very  long  and  flat 
ellipse. 

Supposing  such  a  channel  as  that  here  considered  to  have  a  beach 
of  moderately  steep  slope  at  one  side,  the  depth  being  elsewhere 
uniform,  the  particles  near  that  beach  move  in  ellipses  situated  in 
planes  inclined  so  as  to  be  nearly  parallel  to  the  beach,  as  repre- 
sented in  plan  in  figs.  296  and  297.     In  each  of  these  figures  the 
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Fig.  296. 

beach  is  supposed  to  be  towards  the  top  of  the  page;  in  fig.  296 
it  lies  to  the  right  hand  of  the  direction  of  advance  of  the  tide  wave 
(represented  by  the  feathered  arrow);  in  fig.  297,  to  the  left  of 
that  direction.  The  following  are  the  motions  of  a  particle  at  dif- 
ferent times  of  the  tide: — 

Lunar  Time  Beflerence 

Hours  after  oommonlj  Current  to  the 

High-water.  called.  Figures. 

o    High-water, •Forward, A 

l4  Quarter  Ebb, Forward  and  Seaward, B 

3    Half  Ebb, Seaward, C 

44  Three-quarterB  Ebb, Backward  and  Seaward, D 

6    Low-water, Backward, E 

7i  Quarter  Flood, Backward  and  Shoreward, F 

9    Half  Flood, Shoreward, G 

lo4  Three-quarters  Flood, Forward  and  Shoreward, H 

12    High-water, Forward, A 

515.  The  Tide  In  a  Sh«rc  Inlet,  or  in  any  hay,  gulf,  or  estuary  of 
such  dimensions  and  figure  that  high  and  low-water  occur  in  all 
parts  of  it  sensibly  at  the  same  instant,  is  somewhat  analogous  to  a 
wave  rising  and  falling  against  a  steep  wall  {iag.  295,  p.  755),  or 
to  the  emptying  and  filling  of  a  I'eservoir.  Each  particle  of  water 
moves  alternately  outwards  and  inwards  during  the  fall  and  rise  of 
the  tide  respectively;  and  the  current  is  swifter  and  stronger 
when  the  depth  of  water  is  greater,  that  is,  duririg  the  second  half 
of  flood  and  thefi/rst  half  of  ebb. 

Supposing  that  the  entrance  to  such  an  inlet  runs  at  right  angles 
to  the  line  of  coast  described  in  the  preceding  article,  the  combina- 
tion of  the  tidal  currents  of  the  inlet  with  those  of  the  offing,  or 
sea  outside,  produces  the  results,  as  regards  the  currents  at  the 
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entrance,  indicated  by  the  arrows  marked  b,  Cy  d,/,  g,  h,  m  ^^ 
296  and  297  (whose  lengths  denote  the  strength  of  ^e  contnt), 
and  explained  in  the  following  table,  in  which  ouheard  aod 
inward  refer  to  the  entrance  of  the  inlet,  and  yoneards  and  h(uk- 
tnanU  to  the  directions  of  currents  as  compared  with  that  of  tbe 
flood-current  along  the  coast : — 


Lanar  Heart 
■ftarUigh-wster. 


TIin« 
ooiiiinoo)]r-  CufTCuL 


Fine  hair 
or£l>l>. 


(  o    Higli-wattf,.. 0 (Slack-water), ^...  — 

<   1 4  Qoartar  Ebb, Outward,  tumiog  fonraid,....    hi  o^,^, 

(  3     Half  Ebb. Outwaid, e  \  **™*^ 

Snood  hair  /  44  Three-quarters  Ebb,  Outward,  turning  backward,^    d    We^L 

of  Ebb.     \  6    Low-water, 0  (Slack-water), — 

Flnthair    J   74  Qubter  Flood,. .^....  Backward,  tummgfaiward,..^   /  TTeak. 

of  Flood.     I9    Hair  Flood Inward, ^t«t«o. 

Second  half  ( io4  Three-qnarten  Flood  Forward,  turning  inward, h  {  ^°^^' 

of  Flood.    \i2    High-water, 0  (Slack-water), -r 

The  letter  J  in  each  figure  marks  the  up-siream  comer  of  tht^ 
entrance  as  regards  the  flood-current  along  the  coaiit. 

The  volume  of  water  which  flows  alternately  in  and  out  at  the 
entrance  of  a  short  inlet  is  nearly  equal  to  the  space  between  the 
surfaces  of  high  and  low-water,  as  ascertained  by  levelling  and 
tide-gauges.  The  mean  velocity  of  the  current  through  the  entrance 
is  nearly  equal  to  that  volume  divided  by  the  mean  sectional  area 
of  the  entrance,  and  by  the  timft  of  rise  or  itJi ;  and  the  greaU4 
velocity  is  nearly  equal  to  1  -57  x  mean  velocity.  It  is  best  to  use 
such  calculations  only  for  the  purpose  of  computing  the  probable 
efiect  of  alterations.  The  velocities  of  actual  currents  should  bt* 
found  by  observation. 

516.  The  tmm  Ih  I.«a9  Vslcta  are  compounded  of  a  simple 
emptying  and  filling  current  like  that  in  a  short  inlet^  and  a  serit's 
of  branch  tidal  waves,  propagated  up  the  channel  from  the  wave:: 
of  the  offing.  In  river-channels  the  alternate  currents  due  to  the 
tides  are  combined  with  the  downward  current  due  to  the  flow  oi 
fresh  water. 

The  tidal  wave  which  is  propagated  up  a  long  inlet  or  river- 
cbanuel  is  analogous  to  those  represented  as  advancing  into  shallovr 
water  in  fig.  29i,  p.  754.  It  diminishes  in  length  and  increases  h 
height  until  it  reaches  a  limit  where  its  further  increase  in  heigbt  '^ 
stopped  by  friction.  Its  front  becomes  shorter  and  steeper,  and  it? 
back  lon^^'.r  and  flatter;  in  other  words,  the  rise  of  tide  occupies  a 
shorter  time,  and  the  fall  a  longer  time,  as  the  wave  advances  up 
the  channel.  When  a  high  tidal  wave  advances  into  very  shalluw 
water,  its  front  sometimes  shortens  and  steepens,  until  at  length  it 
curls  over,  like  the  breaker  D  in  l^g.  294,  and  continues  to  advanct 
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Tolling  and  breaking  into  surf,  followed  by  a  veiy  long  flat  back. 
like  tidal  wave  is  Uien  called  a  "  bore."^  The  back  of  the  wave 
nometimes  breaks  up  into  two  or  three  smaller  waves,  and  then  the 
fall  of  the  tide  is  interrupted  by  short  intervals  of  risa 

To  estimate  by  calculation  the  velocity  of  the  flood  and  ebb- 
currents  at  a  given  cross-section  of  a  river-channel  or  other  long 
inlet,  two  longitudinal  sections  of  the  sur&oe  of  the  water  must  be 
prepared  from  two  sets  of  simultaneous  tide-gauge  observations, 
made  at  a  series  of  stations  along  the  channel  and  above  that 
cross-section,  ai  the  two  instants  of  dack-tcater  at  the  given  eroee- 
secUon  respectively.  The  volume  contained  between  the  two  sur- 
faces thus  determined  will  be  the  volume  of  tidal  water  which  runs 
in  and  out  through  the  given  cross-section;  and  this,  being  divided 
by  the  -duration  of  flood  and  ebb  respectively,  and  by  the  area,  will 
^ve  the  probable  mean  velocities  of  the  currents,  which,  being 
multiplied  by  1*57,  will  give,  approximately,  the  probable  maximum 
velocitiea  The  velocity  due  to  the  fresh-wat^r  stream,  if  any, 
is  to  be  subtracted  from  the  flood  and  added  to  the  ebb.  (See  the 
remark  at  the  end  of  the  preceding  article.) 

The  tidal  waves  in  rivers  are  propagated  up  the  declivity  of  the 
stream,  which  they  often  afiect  at  points  above  the  level  of  high 
water  in  the  sea. 

517.  Aetl«M  •r  TMcs  •■  CMials  Midi  ChuiMla. — The  flowing 
tide  augments,  and  the  ebbing  tide  diminishes,  the  speed  and 
force  of  storm  waves;  and  hence  the  observed  iauctj  that  the  most 
powerful  action  of  such  waves  on  the  coast  occurs  at  half-flood, 
when  the  shoreward  current  is  strongest.  The  tidal  currents 
sweep  along  with  them  silt  or  mud,  sand,  gravel,  and  other 
materials,  according  to  the  laws  already  stated  with  reference  to 
liver  currents  (Article  468,  p.  708);  hence  the  ebbing  tide  tends  to 
scour  and  deepen  inlets,  and  the  flowing  tide  to  silt  them  up. 
From  what  has  been  explained  in  the  preceding  article,  it 
appears  that  in  shallow  water  there  is  a  tendency  for  the  flow- 
ing tide  to  become  more  rapid,  and  therefore  stronger  in  its  action, 
than  the  ebbing  tide,  uidess  opposed  by  a  sulficiently  strong 
fresh-water  cun*ent;  and  hence  the  prevailing  tendency  of  the  tides, 
like  that  of  the  waves,  is  to  choke  and  iill  up  estuaries,  river- 
channels,  and  other  inlets,  especially  such  as  are  already  shallow. 

A  strong  fresh-water  current  may  maintain  a  deep  channel 
against  this  action  of  the  sea,  so  far  as  it  is  limited  in  breadth; 
but  where  that  current  escapes  into  the  open  sea,  and  is  either 
enfeebled  by  spreading  laterally,  or  has  its  action  on  the  bottom 
prevented  by  floating  on  the  salt  water,  a  bar  is  formed  by  the 
action  of  the  waves  and  tide& 

One  of  the  chief  objects  of  harbour  engineeiing  is  so  to  manage 
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and  modify  die  •ction  of  the  tidal  camnts  tJiat  tbc  cfeb  skfi 
become  stronger  than  the  flood,  and  shaU  sconr  deep  chaniu^  md 
remoTe  bam 

Section  IL—Of  Sea  Dtfence^ 

rtructed  m  the  same  manner  with  groins  for  river-banb,  but 
more  strongly  (Article  469,  p.  711.)  Theynot onlj  inteimpt  the 
irat^efhng  of  the  materials  of  the  beach  along  the  shore  raider  tk 
mfluence  of  oblique  waves  and  of  the  flowing  tide,  but  they  «L.^ 
cauae  a  permanent  deposit  of  such  materials,  and,  if  gradialiv 
extended  seaward  in  shaUow  water,  produce  a  gain  of  ground  iroii 
Tu  ^  „.  ^  ,  ®  "P****  between  the  groins  have  been  filkd  up, 
the  travelling  of  shingle  goes  on  past  their  ends  as  before. 

Groins  are  amongst  the  most  efficient  means  of  protecting  dykes, 

A^o        ®«^"^*^  against  the  undermining  action  of  theia.' 

019.  An  KMtai  UfU*  has  usually  a  long  flat  slope  towards  the 

sea,  Its  inclination  ranging  horn  that  of  3  to  1  to  that  of  12  to  1. 

The  top  18  level,  and  usually  has  a  roadway  upon  it:  its  avernce 

u^ual  height  above  high-water-mark  of  spring  tides,  is  about  6 

feet ;  it  should,  if  possible,  be  above  the  reach  of  the  wavea     The 

back  slo^  has  an  inclination  ranging  from  that  of  1  ^  to  I  to  that  of 

ri.       ^^^^  ^^  ^7^^  is  a  back  drain,  or  ditch,  for  the  diainap^ 

of  the  land,  constructed  on  the  same  principles  witii  the  back  draius 

mentioned  in  Article  483,  p.  727,  and  Article  484,  p.  73a 

In  the  heart  of  the  dyke  is  a  rectangular  waU  of  fascines,  con- 
structed like  the  fascine-work  of  a  river-bank.  (Article  469,  p.  7 1 0.) 
The  fa^cmes  may  be  made  of  willow  twigs  or  of  reedsi  The  sea- 
ward slope  IS  faced  with  fascinea  If  the  top  is  above  the  reach  of 
the  waves  the  back  slope  may  be  turfed;  if  waves  sometimes  break 
over  it,  the  top  and  back  require  stone  pitching, 

520.  mtmmm  BaHrsrk,  withstand  the  waves  best  when  either  verr 
flat  or  very  steep.  They  are  of  two  principal  kind*— those  with  i 
long  slope,  on  which  the  waves  break,  as  in  fig.  294,  p.  754,  and 
those  with  a  steep  face,  which  reflect  the  waves  as  in  Ss.  2^5, 
pw  755.  ^ 

I.  Long-sloping  Bulwarks  have  an  inclination  which  ranges  from 
3  to  1  to  10  to  1.  They  are  made  internally  of  earth  and  gravel, 
or  of  loose  stones,  according  to  the  situation,  and  are  huoed  wiih 
blocks,  each  of  which  should  be  able  to  withstand  independentlj 
the  l^ng  action  of  the  waves.  As  to  this,  see  Article  412,  p.  618. 
The  foot  or  "  toe"  of  the  slope  may  be  slightly  turned  up,  like  that 
of  a  weir,  to  prevent  the  undermining  action  of  the  returnins 
cuTOnt,  or  "undertow"  horn  the  breakerai  (See  Article  473, 
p.  7io.) 
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To  prevent  breakers  or  spray  from  gliding  np  to  tlie  top  of  the 
slope,  and  dashing  over  the  summit  of  the  bulwark,  the  top  of  the 
slope  is  sometimes  curved  upwards,  so  as  to  present  a  concave  face 
to  the  waves;  but  this  is  sometimes  liable  to  be  knocked  down  by 
the  shocks  which  it  receives;  and  in  that  case  it  is  best  to  carry  up 
the  slope  in  one  plane,  with  a  level  berm  or  bench  at  the  top  of  it, 
paved  with  large  blocks,  and  on  that  berm  to  erect  a  strong  parapet, 
set  so  far  back  that  its  cope  is  below  the  plane  of  the  slope.  A 
series  of  level  berms,  alternating  with  slopes  of  3  to  1  of  the  same 
length  with  the  berms,  or  thereabouts,  are  very  effective  in  break- 
ing the  waves  and  exhausting  their  energy;  the  blocks  at  the 
edges  of  the  benns  must  be  larger  than  the  rest 

The  largest  blocks  in  the  facing  of  the  slope  should  be  at  and 
near  half-tide  level,  because  the  waves  are  largest  at  half-flood. 

When  a  sloping  bulwark  stands  in  deep  water,  the  part  below 
low-water-mark  may  have  a  steeper  slope  than  that  above,  as 
being  less  violently  acted  tipon  by  the  waves :  for  example,  from 
2  to  1  to  3  to  1  below  low- water-mark,  and  10  to  1  above.  The 
waves  will  partially  break  and  lose  their  energy  in  passing  over  the 
place  where  the  inclination  changes. 

II.  A  Steep-faced  Bvlwa/rh  or  Sea-Wall  should  be  proportioned 
like  a  reservoir  walL  (See  Article  465,  p.  707.)  As  to  the  manner 
in  which  it  reflects  the  wavss,  see  Article  512,  p.  755.  Its  cope 
should  either  rise  above  the  crests  of  the  highest  waves,  augmented 
as  they  are  in  height  by  the  reflection,  or,  should  that  be  impracti- 
cable, that  cope  should  be  made  of  stones,  each  large  enough  to 
resist  being  lifted  by  the  pressure  due  to  the  greatest  height  of  a 
wave  above  its  bed,  and  dowelled  to  the  adjoining  cope-stones. 
The  front  edge  of  the  cope  may  project  and  form  a  rounded  cornice 
to  throw  the  ci*ests  of  the  waves  back.  The  remainder  of  the  wall 
may  have  a  hammer^dressed  ashlar  or  a  block-in-course  face,  backed 
with  coursed  rubble  or  with  strong  concrete,  the  whole  built  in 
strong  hydraulic  mortar,  and  the  outer  edges  of  the  joints  laid  in 
cement  (Article  248,  p.  389.)  The  chief  danger  to  the  face  of  such 
a  wall  is  that  the  water  should  penetrate  the  joints,  and,  by  its 
pressure  and  elasticity,  cause  stones  to  jump  out  after  receiving  the 
blow  of  a  wave. 

The  undeimining  action  of  the  waves  on  the  ground  at  the  foot 
of  a  steep  wall  is  very  severe,  and  should  be  resisted  by  a  levd  stone 
pitching,  (which  should  have  no  bond  or  connection  with  the  wall) 
and  by  a  series  of  groins.  The  undermining  action  may  be  somewhat 
moderated  by  forming  the  face  of  the  wall  into  steps,  so  as  to  in- 
terrupt the  vertical  descent  of  the  water.  Stones  lifted  out  of  a  level 
pitching  by  the  waves  fall  down  into  or  near  their  original  sites, 
provided  there  are  groins  to  prevent  them  from  travelling  side- 
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wava     Those  lifted  out  of  a  sloping  pitching  roll  to  the  foot  of  the 

When  there  is  an  earthen  embankment  behind  snchavall^it 
should  have  a  retaining  wall  at  the  landward  side  also,  to  prevent 
the  earth  from  being  washed  awaj  by  water  which  may  coUect  on 
the  top. 

IIL  Combined  Wall — ^As  the  expense  of  erecting  a  steep  or 
vertical  wall  in  deep  water  is  very  great,  it  is  sometimes  oombined 
in  such  situations  with  a  long  slope,  in  the  following  nuuiner:— 
From  the  bottom  np  to  near  low- water-mark  extends  a  slope  of 
2  to  1  or  3  to  1,  terminating  in  a  long  level  or  nearly  level  fern 
or  ^^/orfshort  ;**  and  on  that  berm,  as  on  a  beach  in  shallow  water, 
is  built  a  steep  wall,  at  a  distance  back  from  the  edge  of  the 
slope  equal  to  twice  or  thrice  the  length  of  the  slope. 

521.  A  BnalcwMar,  being  placed  so  as  to  defend  a  harbocD'  or 
roadstead  from  the  waves,  differs  from  a  bulwark  by  having  sea 
at  both  sides  of  it  Th^  site  of  a  breakwater  fihoold  be  so 
choeen  as  to  present  a  barrier  to  the  waves  of  the  prevailing 
storms,  and  especially  to  those  which  come  along  vrith  the  flood- 
current  It  may  be  isolated,  and  in  the  midst  of  the  entrance 
of  a  bay,  as  at  Plymouth  and  Cherbourg,  or  it  may  run  out 
from  the  shore  into  deep  water.  In  the  latter  case,  the  best 
position  for  the  junction  of  a  single  breakwater  with  the  land 
is  in  general  at  the  up-stream  comer  of  the  entrance  to  the  inlet  or 
harbour  (see  Article  515,  p.  758),  for  in  that  position  it  opposes  the 
strongest  flood-current,  and  does  not  interfere  with  the  strongest 
ebb-current  The  principles  of  the  construction  of  the  front  of  a 
breakwater  are  the  same  with  those  described  in  the  preceding 
article  with  reference  to  bulwarks  in  deep  water.  The  back  of 
a  vertical-fronted  breakwater  is  usually  vertical  also ;  that  of  a 
sloping  or  combined  breakwater,  if  intended  to  be  used  as  a  qmy, 
is  vertical ;  in  other  cases  it  differs  from  the  front  only  in  having  a 
steeper  slope  (from  Itoltol^tol)  and  being  £ftced  with  smaller 
blocks.  As  to  embanking  and  building  under  water,  see  Article 
412,  p.  617.  When  a  stage  supported  on  screw  piles  is  used  to  tip 
tlie  stones  from,  those  piles  remain  imbedded  in  the  breakwater. 
Their  diameter  should  be  about  ^jjth  of  their  height,  so  that, 
in  very  deep  water,  they  may  require  to  be  built  of  sevend  balks  ot 
timber  hoo{)ed  together,  as  at  Portland. 

Fig.  298  is  a  section  of  the  Cherbourg  breakwater,  which  com- 
bines the  long  slope  and  vertical  face.  The  base  A  F  is  about  30'^ 
feet;  the  slope  A  Bis  2  ^  to  1;  B  C  is  5^  to  1 ;  E  F,  1  to  1;  C  D 
is  a  neaily  level  platform,  on  which  stands  the  wall  G,  36  feet 
thick  at  its  basa  Ordinary  spring  tides  rise  19  feet,  the  deptb 
at  low- water  being  40  feet 
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Fig.  299,  a  section  of  tlie  Plymouth  breakwater,  illustrates  the 


tw- 
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Fig.  29S. 

principle  of  alternate  slopes  and  berma     ABis5tol,  BC  level, 
C  D  5  to  1,  D  E  level,  EF  1^  to  1. 


Fig.  299. 

(As  to  breakwaters,  and  sea  defences  generally,  may  be  consulted 
the  works  of  Smeaton  and  Telford,  Sir  John  Ilenme*s  works  On  the 
Plymouth  BreakwcUer  and  On  HarbourSy  the  Proceedings  of  the 
Institution  of  Civil  Engineers  since  the  commencement,  and  Mr. 
Burnell*s  Treatise  on  Marine  Engineering,)    (See  also  p.  766.) 

522.  ReciciBiiMs  liBiidL — The  process  of  reclaiming  or  gaining 
land  from  the  sea  is  to  be  undertaken  with  great  caution,  especially 
in  river-channels  and  estuaries,  lest  it  should  diminish  the  tidal 
scour,  and  so  cause  the  silting  up  of  channels  and  harbours;  and, 
in  particular,  care  should  be  taken  that  the  space  for  tidal  water 
-which  is  to  be  lost  through  the  reclaiming  of  the  land,  is  exactly 
made  up  for  by  deepening  or  otherwise  improving  other  parts  of 
the  estuary  or  channel  In  every  instance  in  which  that  pre- 
caution has  been  neglected,  the  dam&ge,  and  in  some  cases  the 
ruin,  of  the  harbour  has  followed.  (See  Reports  of  ilia  Tidal  Ear- 
hours  Commission.) 

The  first  operation  in  reclaiming  land  is  usually  to  raise  its  level 
as  much  as  possible  by  warpingy  or  deposition  of  sediment  from 
the  tidal  water ;  with  a  view  to  which  the  land  to  be  reclaimed  is 
intersected  by  a  network  of  transverse  wattled  groins,  and  of  longi- 
tudinal dykes  of  the  same  construction. 

The  ground  having  been  raised  as  far  as  practicable  by  warping, 
is  enclosed  with  sea-dykes,  and  drained  in  the  manner  described 
in  Article  484,  p.  727. 

SECfnoN  III — Of  Tidal  Channels  and  Harbours, 

523.  The  ImpraremeBt  •f  Tidal  Rlren  wmA  BiCoarics  depends 
mainly  on  the  strengthening  of  the  ebbing  current,  as  stated  in 
Article  517,  p.  760.    With  that  view,  the  measures  to  be  adopted 
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are  nearly  the  same  with  those  already  described  onder  the  h«ad  of 
Impn^vements  of  River-Channels,  Article  470,  pw  711,  vith  the 
adtlition  that  the  space  which  at  each  tide  is  filled  and  emptied  :;> 
to  be  kept  as  large  as  possible.  For  the  puipose  <^  oonoentratiDg 
the  latter  portions  of  the  ebbing  current  upon  the  deep-mit^^r- 
channel,  trainbig-dykes  may  be  required.  That  thew  may  not 
diminish  the  quantity  of  scouring-water,  they  should  rise  but  litLe. 
if  at  all,  above  low-water -mark  of  ordinary  spring-tides,  their  peti- 
tion b(Mng  marked  by  means  of  rows  of  beacona 

Should  bulwarks  or  quays  be  erected,  they  should  either  he  so 
placed  that  the  area  which  they  cut  off  by  contracting  wide  plac^ 
may  be  compensated  for  by  widening  narrow  places,  or  that  tie 
space  which  they  cut  off  may  be  compensated  for  by  deepenin? 
that  part  of  the  space  in  front  of  them  which  is  above  low-watt-r- 
mark< 

The  most  important  effect  of  making  a  deep,  direct^  and  regiikr 
channel  for  a  tidal  river  consists  in  the  increase  in  the  exteut  of  rise 
and  fall  of  the  tide,  and  the  diminution  of  that  steepening  action  of 
a  shallow  channel  on  the  front  of  the  tide- wave  which  has  been 
described  in  Article  516,  p.  758. 

In  onler  to  increase  the  depth  over  a  har^  piers  or  break wat or* 
must  be  carried  out  so  as  to  concentrate  the  current  over  it,  and  it 
is  best,  if  possible,  to  make  the  space  between  those  piers  widen  in- 
yyinlit,  in  order  both  to  hold  scourage-water  and  to  serve  as  a  "  wave- 
trap,"  or  space  for  storm-waves  which  roll  in  at  the  entrance  to 
spread  and  expend  themselves  in.  When  there  is  only  one  pier,  it 
should  run  from  the  ujy-drmm  comer  of  the  entrance,  for  the  reason 
exi>lained  in  Article  521,  p.  762,  observing  that  in  deciding  which  is 
the  up-stream  comer,  i-egard  must  be  had  to  the  flood-current  ahmg 
iUe  sfiorCy  in  case,  through  the  action  of  headlands,  its  direction 
should  be  different  from  that  of  the  flood-current  in  the  o]»t*n 
sea. 

The  bar  may  thus  be  swept  into  deeper  water,  although  it  is  in 
general  impossible  to  remove  it  altogether. 

524.  A  Sc««riar>BMiii  is  a  reservoir  by  means  of  which  the  tiu&l 
water  is  stored  up  to  a  certain  level,  and  let  out  through  sluices,  in 
a  rapid  stream,  for  a  few  minutes  at  low- water,  to  scour  a  channel 
and  its  bar.  The  outlets  of  the  basin  should  ^ce  as  nearly  a^  p«- 
sible  directly  along  the  channel  to  be  scoured ;  they  should  l< 
distributed  throughout  its  whole  cross-section,  that  they  may  pro- 
duce an  uniform  steady  current  in  it  like  a  river,  and  mar  c^ 
concentrate  their  action  on  a  few  spots.  To  carry  away  gravel  and 
large  shingle,  the  scouring  stream  should  flow  at  4  or  5  feet  per 
second,  and  the  dimensions  of  the  outlets  should  be  regidiit<^ 
accordingly.     One  of  the  best  examples  of  such  an  airangement  i» 
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at  the  south  entrance  of  the  harboar  of  Sunderland,  described  hy 
the  engineer,  Mr.  Murray,  in  the  Proceedings  of  the  In^Uution  of 
CivU  Engineers  for  1856.  The  current  is  let  out  for  15  minutes  at 
low- water;  it  runs  at  about  5  feet  per  second,  and  is  sensible  in  the 
sea  2,000  yards  off,  although  it  is  confined  by  piers  for  350  yards 
only. 

625.  QwiT*  of  masonry  are  to  be  rogarded  as  a  class  of  retaining 
-walls,  the  stability  of  which  has  been  treated  of  in  Articles  265  to 
269,  pp.  401  to  408,  and  their  construction  in  Articles  271,  272, 
pp.  409  to  41 1.  Their  ordinary  thickness  at  the  base  is  from  ^  to  X 
of  their  height.  When  founded  on  piles,  the  timber^ work  shoula 
"be  always  immersed  (See  Part  IL,  Chapter  VL,  Section  IL,  p. 
601.)  The  face  of  a  stone  quay  is  usually  protected  against  being 
damaged  by  vessels  by  means  of  a  network  of  upright  fender-ftUe 
and  horizontal  yenc£er-u>aZe9. 

As  to  timber  and  iron  quays,  see  Article  469,  p.  710,  and  the 
other  articles  there  referred  to. 

The  inner  side  of  a  breakwater  may  form  a  quay,  as  already 
mentioned. 

b2,^,  matm  of  masonry  running  out  into  the  sea  are  to  be  regarded 
as  upright  breakwaters  combined  with  quays,  and  require  here  no 
additional  explanation.  Those  of  timber  and  iron  are  best  formed 
of  a  skeleton  framework,  supported  by  screw-piles.  A  timber 
skeleton-pier  is  often  combined  with  a  loose  stone  breakwater,  in 
-which  the  lower  parts  of  the  posts  are  imbedded. 

527.  BMtiM  aad  HmsIm. — ^A  de^tooter-baein  is  a  reservoir  sur- 
rounded by  quay-walls,  in  which  the  water  is  retained  when  the 
tide  falls  below  a  certain  level  (usually  somewhat  above  half-tide) 
by  a  pair  of  lock-gates  opening  inwards,  of  sufficient  size  and 
strength.  Should  the  entrance  be  exposed  to  waves,  a  pair  of  sea- 
gatesy  or  gates  opening  outwards,  are  also  required,  to  be  closed 
during  storms.  A  deep-water-basin  may  also  be  used  as  a  scouring- 
basin.     (Article  524,  p.  764.) 

A  dock  differs  from  a  basin  in  having  a  lock  at  its  entrance, 
through  which  ships  can  pass  in  all  states  of  the  tide.  (As  to 
locks,  see  Article  506,  p.  746.)  A  harbour-lock,  like  a  river-lock, 
has  no  lifb-walL  In  order  that  vessels  may  pass  easily  in  and 
out,  the  entrances  of  docks  from  a  river-channel  should  slant 
up-etreami  as  regards  the  ebb-current. 

One  of  the  best  forms  of  gate  for  basins  and  docks  is  a  caissonr 
gate,  being  a  water-tight  vessel  oi  plate-iron,  which  can  be  floated 
to  or  from  its  seat  in  the  masonry  of  the  entrance,  being  placed  in 
a  recess  when  open.  When  closed  it  is  sunk  by  loading  it  with 
water,  which  is  run  into  a  tank  on  the  top  of  the  caisson.  In 
order  to  open  it,  it  is  floated  by  emptying  that  tank. 
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It  is  often  convenient,  when  practicable^  to  oondact  a  sap|^  of 
fresh  water  into  basins  or  docks^  care  being  taken  that  sodi 
supply  is  pure. 

528.  Iiianiaiiii — ^The  principles  which r^rolate  the  placing snd 
illuminating  of  lighthouses  form  a  subject  which  can  be  fullj  con- 
sidered in  a  special  treatise  only,  such  as  that  bj  Mr.  Thomas 
Stevenson.  Wlien  a  lighthouse  is  exposed  to  the  waves,  it  may  he 
either  a  round  tower  of  masoniy,  built  of  hewn  stones,  dove-tuled, 
tabled,  and  dowelled  to  each  other,  as  described  in  Article  4 If,  p. 
618,  solid  up  to  the  level  of  high-water  of  spring  tides,  and  as  mudi 
higher  as  ordinaiy  waves  rise,  and  high  enough  in  all  to  keep  the 
lantern  clear  of  the  highest  breaking  and  reflected  storm-waves, 
with  an  overhanging  curved  cornice  to  throw  their  crests  back ;  or 
it  may  consist  of  a  dceleton  frame  of  screw-piles  and  diagonal  brac- 
ing, supporting  a  timber  or  iron  house  and  platfonn ;  and  in  this 
case  the  platform  needs  only  to  be  high  enough  to  clear  the  t^ps  of 
the  natural  unreflected  waves.  On  the  subject  of  the  strength  and 
stability  of  fiiames  supported  on  screw-piles,  see  Article  403,  p.  605. 
In  designing  the  frame  of  a  lighthouse  to  be  supported  on  them, 
regard  must  be  had  to  the  pressure  of  the  wind,  whose  greatest 
i^corded  intensity,  in  Britain,  is  55  lbs.  per  square  foot  of  a  flat 
surface,  and  about  one-half  of  that  intensity  per  square  foot  of  the 
plane  projection  of  a  cylindrical  surface.  (See  Smeaton's  works ; 
Stevenson  On  the  Bdl  Bock  Lighthouse;  Mr.  Alan  Stevenson's 
treatise  On  Lighthouses;  and  Mr.  MitchelFs  '^  Account  of  Light- 
honse^i  on  Screw-Piles,"  in  the  Proceedings  of  the  InsiiHUion  of 
Civil  Engineers  for  1848.) 

ADDENDA. 

Tb  AHiele  280,  p.  416.  I.liw  •f  Pwiwm  te  aa  Ansfc.— As  to  the  sttbifitv 
of  •  verticall  j-loaded  arch,  referenoe  may  be  made  to  a  wries  of  papeia  vhich  kaTe 
appeared  in  the  Civil  Enginmr  and  ArchiteeCi  Jomnud  for  1861,  and  in  whidi  the 
figure  of  the  line  of  pressures  is  shown  to  be  identical  with  diat  of  a  eorve  wIiobb 
ordinates  represient  bendin|i:  moments. 

To  AHicU  357,  p.  509.  Streagik  •f  OaM-mIMI  Vpms.— The  fbHowiitg 
results  have  lately  been  obtained  in  some  experiments  by  Mr.  FalThaim  on  tiis 
teoadty  of  iron.    (See  Mmehettsr  TrantaciMmg,  10th  December,  1861.) 

Tenacity.  Ultiniate 

Uml  per  SQmre  Um^     Extsmtan* 

Black  bar, 5^,627  -200 

Same  bar  iron,  turned,  , ^747  *220 

Same  bar  iron,  oold-roUed, 1 88,229  1079 

Cold-rolled  plate, 114*912 

To  Article  521,  p.  763.  Brcitkwatcn.— As  to  the  constinction  of  a  break* 
water  by  means  of  a  wooden  cage  filled  with  xt>iigfa  stonei^  and  resting  on  a  rabbk 
base,  see  a  paper  by  Mr.  Ulehael  Scott  in  the  Ptoeeedb^  itflkt  InatStstmrfCi^ 
Engiiteen  for  1858. 
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Tablb  of  the  Besistakce  of  Materials  \ 
Teabihq  bt  a  Dibbct  Pull,  in  potrnds  m 
inch, 

Teiuu 

Matsrials.  or  Resist 

Tear 

Stones,  Natubal  and  Artificial  : 

S^t,} "Sot. 

Glass, 

^^ • {tor 

Mortar,  ordinary, 

Metals: 

Brass,  cast, li 

M      '^^ire, 41 

Bronze  or  Gun  Metal  (Copper  8, ) 

Tin  I), /  3 

Copper,  cast, i; 

„       sheet, 3( 

„       bolts, 3< 

„       wire, 6( 

Iron,  cast,  yarious  qualities, ]  to  2( 

„        average, r 

Iron,  wrought,  plates, 5 

„       joints,  double  rivetted,  3, 

„  „       single  rivetted,  2I 

„        bars  and  bolts, |^^J 

„        hoop,  best-best, 6. 

»    ^^' {toiJ! 

„       wire-ropes, 9< 

Lead,  sheet, 

Steel  bars, |  ^ '^' 

Steel  plates,  average, 8( 

Tin,  cast, 

Zinc, 7,000  to  I 
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Tm^^^  Modblni  of 

MATniAUL  wBeBBtonceto       orReaauoato 

T«nng.  Stwfcehing. 

TnCBEK  AXB  OTHER  ObGAIQC  FiBRS: 

Acacia,  falae.  See  "  Locast" 

Afih  {Fraxinm  excddor), 17,000           1,600,000 

Bamboo  (Ba/ndiUM  afnmdinacea)^  6,300 

Beech  (/Vi^u*  «yit?crfiai), li,5«>           1,350,000 

Birch  (j5«hito  a^), 15,000           1,645,000 

Box  {Buxus  sempervirens), ao,ooo 

Cedar  of  Jjeibajiou{CedrusLibam),  1 1,400              486,000 

Chestnut  {CadanM  resea)^ {  ^  J  J^  |        1,140,000 

BOm  (UlmnM  campe^rts), ^^^  {  ^  1,3!^;^ 

Fir:RedPiBe(Pin«,V-^),  {u^l^;^     to  xij^^ 

„    Spruce  {Abuuexcdsa), 12,400  {to  i^S^^ 

„    Jj^  {Lariat  EuroptBa),,...  {^  ^l'^      to  i,^^;^ 

BAW^OTn{Craicegu80xy(Kaniha),  10,500 

Hazel  {Corylua  Avellana), 18,000 

Hempen  Cables, 5,600 

Holly  {Hex  A  quifol%um\ 16,000 

Hornbeam  {Carpinua  Betutus)^ . . .  20,000 

Laburnum  {Cytiaua  Labumum\  10,500 

Lancewood  {GiuUteria  virgata),  ^3,400 

Lignum- Yitn  {Gnaiacum  offvci-  )  g 

n«^«), ;•••  /  ' 

Locust  (JRcbinia  Fssudo-Acacia),  16,000 

Mahogany  (Suyietenia  Afahagom),  <  ^  2i,'8oo  }        ^>^55>ooo 

Maple  {A  cer  campestris)^ 10,600 

Oak,  European  {Qtiercus  sessili-  f      10,000           1,200,000 

Jlorad^dQvercu8 pedunculcUa)^  ( to  19,800      to  1,750,000 

Poplar  (jPopuZtM  o^), 7,200           1,130,000 

8yGSJDhTe(A(xrP9eudo-PlcUantui\j  13,000           1,040,000 

Teak,  Indian  {Tectojia  grandis),  15,000           3,400,000 

„      Afiican,  (?) ai,ooo           2,300,000 

Whalebone, 7>7oo 

Yew  (Taxua  bacccUa), 8,000 
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IL 

Table  of  the  Resistance  of  Materials  to  SHEARiNa  ajh) 
DiSTOBTiON,  in  patmds  af>oirdupai8  per  aqua/re  inch. 

_    .  .  Transverse 

Bonstaiioe  Elwtidty, 

Matbbuia  to^  ^,  Reosten^  to 

Metals:  shearing.  Distortion. 

Brass,  Tnre-drawn, S>33®>^o^ 

Copper, : ', 6,200,000 

Iron,  cast, 27,700         2,850,000 

„      wrought, 50,000/,   6^5o<^>ooo 

„         ^xv/u^ixv, O,  I  to  9,500,000 

Timber: 

Fir:  Red  Pine, 5ooto    800 

„      Spruce, 600 

„      Larch, 970  to  1,700 

Oak,  British, 2,300 

Poplar, 1,800 


IIL 

Table  of  the  Resistance  of  Materials  to  Crushino  bt  a 
Direct  Thrust,  in  pounds  avovrckipoia  per  square  inch. 

Resistance 
Matbbiaub.  to 

Croflliing. 

Stones,  Natural  and  Artificial: 

Brick,  weak  red, 550  to  800 

„      strong  red, 1,100 

»      fire, 1,700 

Chalk, 330 

Granite, 5^500  to  11,000 

Limestone,  marble, 5»5oo 

„          granular, 4,000  to  4,500 

Sandstone,  strong, 5)500 

„         ordinary, 3,300  to  4,400 

„         weak, 2,200 

Rubble  masonry,  about  four-tenths  of  cut  stone. 

Metals: 

Brass,  cast, 10,300 

Lron,  cast,  various  qualities, 82,000  to  145,000 

„      „     average, 112,000 

„    wrought, about  36,000  to    40,000 

3d 
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Xatbuaub.  to 

TiMBBR,*  Diy,  cnuhed  alo&g  the  gndn : 

Aah, 9,000 

Beech, 9,360 

Birch, 6.400 

Blue-Gum  {Eucalyptut  Globulus), 8,800 

Box, 10,300 

Bullet-tree  {Achnu  SideroxyUm), 147O00 

Cafaacalli, 9,900 

Cedar  of  Lebanon, 5,860 

Ebony,  West  Indian  {Brya  Ebentts), 19,000 

Elm, 10,30c 

Fir:  Red  Pine, 5»375  to  6,200 

„     AmericanYellowPine(PtntMt7anaWw),  5,400 

„     Larch, 5,570 

Hornbeam, 7,30c 

Lignum- Vitee, 9,900 

Mahogany, 8,20c 

Mora  {Mora  excdaa), 9,90c 

Oak,  British,. .A 10,000 

„     Dantzic, 7,700 

„     American  Bed, 6,000 

Teak,  Indian,... i2,oc3 

Water-Gum  {Trtatania  neri/olia)y i  i,ooo 


lY. 
Table  of  the  Bssistakge  of  Materials  to  Bkeakxkg  Aceoss, 
in  pownds  avoirdupois  per  square  tTUsk, 

BemsCnwe  to  Breakb- 
Hatvrialb.  or 

Modnlos  of  Rmrtare:^ 

Stones: 

Sandstone, x,ioo  to  2,36: 

SUte,  5,00: 

*  Th«  resistances  stated  are  for  irg  timber.  Green  timber  is  much  weaker,  bsrr^ 
sometimes  only  half  the  stren^h  of  di^  timber  against  crashing. 

f  The  modiuns  of  mptore  is  eighteen  times  the  load  which  is  reonired  to  break  t  ^x 
of  one  hich  scjiiare,  supported  at  two  pomts  one  foot  apart,  and  loaded  in  the  mdiJi 
between  the  pomts  of  support 
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Besistasce  to  Breaking, 
MiTBRiALSi  or 

Modolas  of  Rapture. 

Metaub: 

Iron,  cast,  open-work  beams,  average, 17,000 

„       „     BoHdrectangakrbars^var.qiialities,  33,000  to  43,500 

«       w  f7  y,  average, 40,000 

„     wrought^  plate  beams, 42,000 

Timber: 

Ash, 12,000  to  14,000 

Beech, 9,000  to  12,000 

Birch, 11,700 

Blue-Gum, 16,000  to  20,000 

Bullet-tree, 15,900  to  22,000 

Cabacalli, 15,000  to  16,000 

Cedar  of  Lebanon, 7^400 

Chestnut, 10,660 

Cowrie  {Dcmimara  australis), 1 1,000 

Ebony,  West  Indian, 27,000 

Mm, 6,000  to    9,700 

Fir:  Bed  Pine, 7,100  to    9,540 

„     Spruce, 9,900  to  12,300 

„     I^irch, 5,000  to  10,000 

Greenheart  {Nectandra  Rodioei)^ 16,500  to  27,500 

Lancewood, i7>35o 

Lignum- Vitfle, 12,000 

Locust, 11,200 

Mahogany,  Honduras, 11,500 

„  Spanish, 7,600 

Mora, 22,000 

Oak,  British  and  Bussian, 10,000  to  13,600 

„     Dantsdc, 8,700 

„     American  Bed,..  10,600 

Boon, 13*300 

Poplar,  Abele, 10,260 

Sycamore, 9,600 

Teak,  Indian,...; i4>77o 

„     African, 14,980 

Tonka  (Dipteryx  odorata), 22,000 

Water-Gum, i7»46o 

Willow  (SaliXj  various  species), 6,600 
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VI. 
Table  of  SPBcavio  G&avities  of  Material& 

Weight  of  a  cabio 
Gases,  at  33°  Fahr.,  and  under  the  pressure  of  one       foot  in 
atmosphere,  of  2116-4  lb-  on  the  square  foot:         ^^  •▼oirdupoia. 

Air, 0-080728 

Carbonic  Acid, 012344 

Hydrogen, 0-005592 

Oxygen, 0089256 

Nitrogen, 0*078596 

Steam  (ideal), 0*05022 

^ther  vapour  (ideal), 0*2093 

Bisulphuret-of-carbon  vapour  (ideal), 0*2 1 37 

Olefiant  gas, 0*0795 

Weight  of  a  cabio  Spedfic 

foot  in  gravity, 
lb.  avoirdupda.         pnre  water  =  1. 
Liquids  at  32®  Fahr.  (except  Water, 
which  is  taken  at  39^-4  Fahr.): 

Water,  pure,  at  39°*4, 62*425  i-ooo 

„       sea,  ordinary, 64-05  1-026 

Alcohol,  pure, 49'3§  0*791 

„        proof  spirit, 57*i8  0*916 

uEther, 44-70  0-716 

Mercury, 84875  13*596 

Naphtha, 53*94  0*848 

Oil,  linseed, , 58*68  0*940 

„    olive, 57-12  0*915 

„    whale, 57*62  0-923 

„    of  turpentine, 54'3i  0*870 

Petroleum, 54*81  0*878 

Solid  Mineral  Substances,  non-metaUic : 

Basalt, ,           187-3  3*oo 

Brick, ..,       125  to  135  2  to  2*167 

Brickwork, 112  1*8 

Chalk, 117  to  174  187  to  2*78 

Clay, 120  1*92 

CoiJ,  anthracite, 100  1*602 

„     bituminous, 77*4  to  89*9  1*24  to  1-44 

Coke, 62-43  ^  103*6  i-oo  to  1*66 

Felspar, 162*3  ^'6 

Flint, 164*2  2*63 
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Weight  of  a  cnbio  Spedfie 

foot  in  gnvitr, 
lb.  avoinliipois.          pore  water  aL 

Solid  Mihxral  Substakceb — eofUmuecL 

OlasBy  crown,  average^ 156  2-5 

»     flmt,         „         187  3-0 

„      green,       „         169  2^ 

„      plate,       „         169  27 

Granite, 16410  172  2-63  to  276 

Gypsum, I43'6  2-3 

limestone  (including  marble),..       169  to  175  27  to  2'S 

ff          magnesian, 178  2-86 

Marl, 100  to  119  i-6tor9 

Maaoniy, 11610144  1*851023 

Mortar, 109  175 

Mud, loa  I'^l 

Quartz, 165  365 

Sand  (damp), 118  il 

»     (<iry), 88-6  1-43 

Sandstone,  average, 144  2*3 

„         various  kinds,. 13010157  2*08402-53 

Shale, i6a  2^ 

Slate, 175  to  i8i  a-8toa^ 

Trap, 170  272 

Mbtajub,  solid: 

Bnasy  ctjsty 487  10524-4  7-8to84 

>f      ^rae, 533  854 

Bronze, 524  84 

Copper,  cast, 537  8^ 

„       sheet, 549  8^ 

„       hammered, 556  8^ 

Gold, 1186101224  19  loir' 

Iron,  cast,  various, 43410456  6-95  to  ;j 

„        average, 444  jn 

Iron,  wrought,  various, 474  to  487  7  -6  to  7  - 

„                average, 480  7-^^ 

Lead, 712  ii* 

Platinum, 131 1  to  1373  21  to:-' 

Silver, 655  105 

Steel, 487  to  493  7-8  to;*. 

Tin, 456  to  468  73  to  73 

Zinc, 42410449  6'^top 


APPENDIX  775 

Weight  of  a  cobio  Spedfic 

m             m  foot  in  gravitj, 

1 IMBEB :  Ih,  avoixdnpois.  pare  water  =  L 

Ash, 47  0753 

Bamboo, 25  0*4 

Beech, 43  ©'69 

Birch, , 44*4  0711 

Blue-Gum, 53-5  0*843 

Box, 60  0-96 

Bullet-tree, 65-3  1*046 

Oabttcalli, 56-2  0-9 

Cedar  of  Lebanon, 30*4  0*486 

Chestnut, 33*4  0-535 

Cowrie, 36*2  o'5l9 

Ebony,  "West  Indian, 74*5  1*193 

BK 34  0'544 

Fir:  Bed  Pine, 30  to  44  0*48  to  0*7 

„      Spruce, 30  to  44  0*48  to  0*7 

„      American  Yellow  Pine,.,.  29  0*46 

„      Larch, 31  to  35  0*5  to  056 

Greenheart, 62*5  1*001 

Hawthorn...... 57  0*91 

.  Hazel,....' .^ 54  0-86 

Holly, 47  076 

Hornbeam, 47  0*76 

Laburnum, 57  0*92 

Lancewood, 42  to  63      0*675  to  i-oi 

Larch.     See"Fir.'' 

Lignum- VitJB, 41  to  83  0*65  to  1*33 

Locust, 44  071 

Mahogany,  Hondurajs, 35  0*56 

„          Spanish, 53  085 

Maple, 49  0*79 

Mora, 57  0*92 

Oak,  European, 43  to  62  0*69  to  0*99 

ff     American  Bed, 54  0*87 

Poon, 36  0*58 

Poplar  (Abele), 32  0*51 

Sycamore, 37  0*59 

Teak,  Lidian, 41  0*66 

„      AMcan, 61  0*98 

Tonka^ 62  to  66  0*99  to  1*06 

Water-Gum, s 62*5  i*ooi 

Willow, 25  0*4 

Yew, 50  0*8 

*  The  Timber  in  eveiy  caae  ie  rappoaed  to  be  diy. 


TABLB  OF  SQUABtt  AND  FIFTH  POWZB& 


Sqvwa. 

,   FlfthFom. 

Squm 

Fifth  Pow. 

lO 

100 

I  00000 

55 

3025 

5032  S4375 

1 

II 

I  21 

I  61051 

56 

3x36 

5507  3^776 

1 

la 

X44 

2  48832 

57 

3249 

6016  93057 

1 

13 

169 

371293 

58 

3364 

6563  5^768 

U 

196 

5  37824 

59 

3481 

714924299  1 

15 

225 

7  59375 

60 

3600 

777600000  1 

16 

25^ 

10  48576 

61 

3721 

84459^301   • 

17 

289 

14  19857 

62 

3844 

91 6 1  32832  i 

x8 

324 

18  89568 

63 

3969 

992436543  i 

19 

361 

24  76099 

64 

4096 

10737  41824 

20 

400 

3200000 

65 

4225 

1 1602  90625  1 

21 

441 

40  84101 

66 

4356 

1252332576 

22 

484 

51  53632 

67 

4489 

13501 25107  1 

23 

529 

64  36343 

68 

4624 

1453933568  , 

24 

5  76 

7962624 

69 

4761 

15640  31349  ' 

25 

625 

97  65625 

70 

4900 

16807  00000  1 

26 

676 

X18  81376 

71 

5041 

18042  29351 

27 

729 

143  48907 

72 

5184 

19349 17632 

28 

784 

172  10368 

73 

5329 

2073071593  1 

29 

841 

205  H149 

74 

5476 

2219006624  1 

30 

900 

243  00000 

75 

5625 

23730  46875 

31 

961 

286  29151 

76 

5776 

2535525376  1 

32 

1024 

335  54432 

77 

5929 

27067  84157 

33 

1089 

391  35393 

78 

6084 

2887174368 

34 

II  56 

454  35424 

79 

62  41 

30770  56399 

35 

1225 

52521875 

80 

6400 

32768  00000 

36 

1296 

60466176  . 

81 

6561 

34867  84401 

37 

1369 

693  43957 

82 

6724 

37073  98439 

38 

1444 

79235168 

83 

6889 

39390  40643 

39 

15  21 

902  24199 

84 

7056 

,41821 19424 

40 

1600 

1024  00000 

85 

7225 

4437053125 

41 

16  81 

1 158  56201 

86 

7396 

47042  70176 

42 

1764 

1306  91232 

87 

7569 

49842  09207 

43 

1849 

147008443 

88 

77  44 

52773  19168 

44 

1936 

1649  16224 

89 

79  21 

55840  59449 

45 

2025 

1845  28125 

90 

8100 

5904900000 

46 

21  16 

2059  62976 

9^ 

8281 

62403  21451 

47 

2209 

2293  45007 

92 

8464 

65908 15232 

48 

2304 

2548  03968 

93 

8649 

69568  83693 

49 

2401 

2824  75249 

94 

8836 

73390  40224 

50 

2500 

3125  00000 

95 

9025 

7737809375 

51 

2601 

3450  25251 

96 

92  16 

81537  26976 

52 

2704 

3802  04032 

97 

9409 

85873  40257 

53 

2809 

4181  95493 

98 

9604 

90392  07968 

54 

29  16 

4591  65024 

99 

9801 

95099  00499 
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Abutuknts,  396,  427. 
Angles,  measurement  of  (see  Theodolite, 
SexUnt). 

plotting,  74. 

redaction  of,  to  the  centre,  128. 
Aqueducts  for  water  supply,  720,  722. 

for  canals,  744. 
Arches,  abutments  of,  427. 

catenarian,  195,  200,  418. 

centres  of,  415,  485. 

circular,  203,  422. 

depth  of  keystones  of,  425. 

elliptic,  204,  420. 

geostatic,  209,  420. 

hydrostatic,  208,  419. 

iron  braced,  565. 

linear,  202,  218. 

of  brick,  415. 

of  stone,  418. 

piers  of,  428. 

plain  iron,  538. 

pointed,  218. 

skew,  429. 

stability  of  stone  and  brick,  416,  421. 

strength  of,  296,  482,  481,  538,  565. 

streogth  of  stone  and  brick,  432. 

timber,  481. 
Archways,  nnderground,  438. 
Areas,  to  measure,  38. 
Asphalt,  376. 
Asphaltic  pavements,  630. 

Backwater  from  a  weir,  689. 

Balance  of  forces,  183. 

Ballast,  railway,  663. 

Bar  of  a  harbour,  formation  of,  759. 

scouring  of,  764. 
Barometer,  levelling  by,  91  (see  Errata). 
Barrow,  336. 
Basalt,  356. 
Base  of  survey,  13,  18,  68. 

to  measure,  by  latitudes,  zvL 
Basin,  distributing,  738. 

deep  water,  765. 


Basin,  scouring,  765. 
Bays,  tides  in,  757. 
Beams  (see  also  Girders). 

action  of  load  on,  289. 

allowance  for  weight  of,  261. 

cast  iron,  257,  261,  268,  524. 

cross-sections  of  equal  strength  for,  256. 

continuous  over  piers,  287. 

deflection  of,  268. 

effect  of  twisting  on,  280. 

expansion  and  contraction  of|  281. 

fixed  at  the  ends,  282. 

limiting  length  of,  261. 

of  timber,  lengthened,  456 ;  boOt,  463. 

of  uniform  strength,  259. 

process  of  designing,  276. 

proportion  of  depth  to  span  of,  275. 

resilience  of,  278. 

shearing  stress  in,  266. 

sloping,  292. 

stiffness  of,  268. 

strength  of,  249,  294. 

sudden  load  on,  278. 

to  deduce  stress  from  deflection,  296. 

travelling  load  on,  247. 

wrought  iron,  258,  265,  526. 
Bench,  in  earthwork,  or  Berm,  839. 

marks,  15. 
Beton  (see  Concrete). 
Bituminous  cement  and  concrete,  376. 
Blasting  (see  Rock). 
Blocks,  stability  of,  218. 
Boiling  point  of  water,  levelling  by,  98. 
Boring  tools,  332. 
Borings,  10,  331. 
Bracing  of  frames,  181. 
Brakes,  railway,  644. 
Brass,  586. 

Breakwaters,  762,  766. 
Bricks,  clay  for,  363. 

characteristics  of  good,  366. 

expansion  o^  by  heat,  367. 

manufacture  of,  365. 
Brickwork,  constmction  of,  3dd.  , 
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Bfidnrork,  Uboar  of,  395. 

BMMaimUoa  of,  896. 

■tobaitToT,  396. 

■mngth  <<  366. 
BridgM,  ana],  663,  74i. 

fruaing  ol^  475. 

inm,  531.  542,  548,  562,  565,  570, 
573,  583. 

load  «n  pladbrai  d;  466. 

Boraabla,  745. 

pTarrirent  717. 

railway,  658. 

•tooaand  brick  (seeArehes). 

timber,  463,  475. 

timber  arebad,48L 
Bronaa,  585. 

Bolwaita,  aea,  760.  * 

Bnoja,  In  marioa  aunrejrin^,  117. 
BmtiaMea,  atabiUty  oC,  896. 

CAISSOIf,  611. 

Canala,  bridgat  i£,  668,  744. 

cltwai  of,  742. 

eonstroction  of,  748. 

CKMwd  by  nulwayt,  663. 

dimaiMions  o^  742. 

lifta  and  indioad  planes  oo,  749. 

lo^a  ot,  746. 

tonnds  of,  745. 

water  sopplr  of,  750. 
Carpeotry,  43*7  (see  also  Timber> 

fastenings,  453. 

ftames,  465. 

joints,  453. 
Catchment  (see  Water  gatheiing-gronnd.) 
Catenarian  cures,  tables  of  o^-^inates 

0^436. 
Catanaiy,  195. 

transformed,  200. 
Cementing  materials,  367. 
Cement  stones,  analysis  of,  367. 

artificial,  872. 

nixed,  874. 

natural,  871. 

strength  of,  874. 
Centre  of  an  arch,  416,  485. 

of  gravity  (see  Gravity). 

of  pressure  (see  Pressure). 
Chain  surveying,  18. 

balance  of  loaded,  185. 
Chairs,  6G5. 

Channels  (see  Watei^channels)^ 
Cbedcing  levels,  16. 
Chlofito  slate,  367. 


Clide,  reflecting,  65. 
Clay  for  bridu,  863. 
CUy  puddle,  344. 

elate,  859. 
Coficr-dams,  611. 
Compass,  use  of;  67. 
Compensation  water  (aea  Water> 
Conoete,  composition  of;  373. 

■tnngth  of;  374. 
Conduits  (see  Water  eooduita). 
Contour-linca,  95. 
Copper,  468,  585. 
Couples  of  forces,  139. 
Crib-work,  614. 
Cross-sections,  6,  7,  97,  708. 
Culverts,  stone  and  brick,  433,  705,  Tth 

embanking  over,  841. 
Currents,  tidal,  measorement  di,  124. 
Curvature  of  the  earth,  87. 
Curves,  setting  out,  101,  651. 

on  railways,  648^ 
Cuttings,  335  (see  £artfawoik> 

Daju,  611  (see  also  Weirs). 

Datum,  2,  14,  117. 

Deviation,  powers  of,  11,  658. 

Diving  apparstua,  61  & 

Dip  of  horizon,  124. 

Docks,  765. 

Dolomite,    855    (see    Magnwiian  Vise- 

atooe). 
Drain  pipes,  720,  729. 
Drainage  area  (see  Water). 
Drainage  of  earthwoik,  384,  835. 
Drainage  of  the  country,  724. 

of  towns,  728. 
Dredging,  614. 
Drifts  or  mines,  594. 
Dykes,  tea,  760. 

Eabts,  adhedon  of;  315. 

dimenstona  of  the,  2,  46. 

heaviness  of,  317. 

natural  dope  of,  316. 

pressure  of,  321. 

theory  of  the  stability  o^  318. 
Earth-wagons,  838. 

Earthwork,  815  (see  also  Gutting,  isd 
Embankment). 

distribution  of,  840. 

drainage  of,  384,  342. 

equalizing  of,  838. 

execution  of;  331. 

finishfaig  slopes  o^  344. 

labour  oi^  336. 
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Earthwork,  menanratioii  of,  824. 

prevention  of  slips  in,  839. 

setting-out,  118. 

Btrengtii  and  stability  of,  816. 

temporaiy  fencing  of,  833. 

under  water,  614. 
Eidograph,  127. 
Blasticitj^  of  solids,  225. 
Kmbunkments     (see    Earthwork,    and 
Dykee). 

drainage  of,  842. 

execution  of,  840. 

for  drainage,  726. 

in  a  great  plain,  342. 

of  reservoirs,  702. 

on  soft  ground,  848. 

settlement  of,  889. 

under  water,  617. 
Excavation  (see  Cutting). 

under  water,  614. 

Factoes  of  safety,  222. 
Features  of  the  country,  98. 
Fendng,  833. 
Field-book  of  survey,  80. 

of  levels,  89. 
Held-worlc,  engineering,  1. 

authorities  on,  130. 
Filters  (see  Water,  filtration  of). 
Floodgates,  716. 

Floods  of  streams,  696  (see  also  Drainage). 
Flying  levels,  9,  93. 
Foundations,  ordinary,  877. 

by  caissons,  611. 

by  wells,  610. 

iron  tubular,  607. 

on  piles,  602. 

timber  and  iron-cased  concrete,  606. 

timber,  iron,  and  submerged,  601. 
Frames,  balance  and  sUbility  of;  178. 

of  iron,  542. 

of  timber,  465. 
Friction  of  solids,  171;  of  earth,  316. 

of  water,  677. 

Gaps  in  station-lines,  to  measure,  25. 
Gates  of  k)clc8,  748. 

of  bsains,  736. 
Gathering-ground  (see  Water). 
Geodesy,  engineering  (see  Field-work). 
Girder  (see  Beam). 

bowstring,  timber,  488 ;  iron,  562. 

iron  braced,  548. 

lattice,  480. 


Girder,  timber  braced,  478. 

tnbnkr,  531. 

zig-zag,  or  Warren,  549. 
Gneiss,  856. 
Gradients,  rulfaig,  in  general,  622. 

of  railways,  641. 

of  roads,  628. 
Granite,  855. 
Graawacke  slate,  859. 
Gravity,  centre  of,  152. 

specific,  151. 
Greenstone,  856. 
Groins  in  river-channels,  711. 

on  the  coast,  760. 

HABBOUB-works,  762,  763. 
Headings,  594. 
Head  of  water,  672. 

loss  of,  674. 
Heaviness,  151  (see  also  Weight). 
Hill-sbading,  96. 
Hornblende,  354. 

aUte,  357. 
Horses,  power  of,  624,  637,  743,  752. 
Hydraulic  lime  (?ee  Lime). 

mean  depth,  678. 

mortar  (see  Mortar). 

pressure,  675. 
H}'draulics,  principles  of,  672. 
Hydrostatics,  principles  of,  164. 

Ibok  arched  ribs,  538. 

bars,  forms  of,  517. 

beams,  cast,  524. 

beams,  malleable,  526. 

bowstring  girder,  562. 

braced  arch,  565. 

braced  girders,  548. 

bridges,  531,  538,  542,  548,  573,  583. 

cast,  498. 

cast,  expansion  of,  by  heat,  508. 

cast,  strength  o^  499. 

castings,  502. 

chains,  519. 

corrosion  and  preservation  of,  514. 

fastenings,  515. 

foundations,  601. 

frames,  542. 

impurities  of,  497, 

malleable,  503. 

malleable  and  steely,  strength  of,  zv, 
509,  574,  587,  766. 

ores,  494. 

piers,  570. 
'    pipes,  721. 
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Inw  pbtforms,  Ml. 

railicBoe  oA  6ia. 

1000,646. 

sheet- pil««i  606. 

•taely,  xr,  507. 

■trength  of  weld  in,  SSO. 

•trutfl  and  pflUn,  cMt|  620;  wrooglit, 
621. 

ti«s5l8. 

tubuUr  Riniera,  531. 

wife  cables,  519. 

wrnught  (see  Iron,  nuilleable). 
Irngstkm,  780. 

JCMTSH,  332,  844. 

Laks,  bow  converted  into  a  reservoir,  707. 
Lsad-csrmge,  lines  o^  in  general,  619. 
Latitude  of  a  place,  to  find,  129. 

length  of  a  minute  of,  46. 
Lead,  468,  584. 
Length,  measnres  of,  2. 
Level  80. 

Level-book  of  working  section.  111. 
LeveUing,  1,  80,  85. 

hy  the  barometer  and  thermometer,  91 
(Me  ErraU). 

by  the  plane-table,  91. 

by  the  theodolite,  90. 

sufF,  82. 
Levels,  flying,  9. 
Level  suiface,  2. 
Lighthouses,  681,  766. 
Lime,  carbonate  of,  355,  S59. 

hydraulic,  370. 

pure,  rich,  or  fat,  369. 
Limestone,  analysis  of,  367. 

compact,  859. 

cry8tslUn^  359. 

granular,  360. 

roagnesian  (sec  Magnesian  limestone). 
Locks  of  canals,  746. 

of  docks,  765. 

of  rivers,  752. 
Locomotive  engines,  adhesion  o^  630. 

power  exerted  by,  645. 

Maovesiah  limestcme,  855,  860. 
Marble,  859. 
Masonry,  349. 

authorities  on,  436. 

built  under  water,  618.  . 

construction  of,  882. 

instruments  used  In  building,  891. 

labour  of,  389. 


UasooTT,  mensantioB  o^  892. 

sUbiUty  oC  396. 
Measures  of  length,  2;  area,  4;  T«daae,l 

prcoonre,  161,  672;  weight,  134. 

table  of  French  and  British,  772. 
Meridian,  to  find  the,  71. 

length  of  arcs  of;  46. 
Metals,  various,  584. 
Metallic  stractnree,  494. 
Mica-slate,  856. 
Mme-duat,  372. 
Mines  or  drifts,  59^ 
Mortar,  372. 

strength  o^  374. 

Nails,  460. 

Nicking  out,  110. 

Notch-boards,  ganging  streanos  by,  697. 

Notches,  dischaige  of  water  through,  t^:  1- 

Offsbts,  oblique,  23. 
O&et-staff,  21. 
Optical  square,  21. 
Ores  of  iron  (see  Iron  ores). 

Pantograph,  125. 
Pavements  (see  Roads). 
Piers,  iron,  570. 

of  harbours,  765. 

of  river  bridges,  717. 

of  stone  arches,  428. 

timber,  488. 
POes,  602. 

screw,  572,  605. 

sheet,  605. 
Pipes  (see  Water-pipes). 
Pits  (see  Sbafts> 
Plan,  1,  18. 
Plane-table,  77,  91. 
Planimeter  (see  Platometer). 
Plank  roads,  631. 
Plans,  copying,  125. 

engraving,  lithographing,  and  print- 
ing, 125. 

enlaiiging  and  reducing,  126. 

scales  for,  4. 
Plaster,  873. 
Platforms,  iron,  546. 

of  railway  statioiis,  671. 

timber,  465. 
Platometer,  34. 
Plotting  angles,  74. 

by  rectangular  co-ordinates^  76. 

chained  survey,  31. 

section,  90. 
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i>orpliyTy,  858. 
Pnessnre,  centre  of,  168. 

measures  of,  16],  672. 

of  fiaids,  164. 

of  ^ater,  672. 
Projections,  paraUel,  149. 
Proof  strength,  223. 
Protractor,  74. 
Puddle  (see  Claj  poddle). 
Puzzolana,  872. 

^^TTARRTiNO  (see  Rock). 
;2uartz,  853. 
[j^uays,  iron,  710. 

stone,  765 

timber,  710. 

Rails,  665. 

Railways,  682  (see  also  Ralls), 
action  of  brakes  on,  644. 
ballast  for,  663. 

best  positions  for  stations  on,  671, 
crossing  other  lines  of  oonyejance,  658. 
cnrves  on,  648. 

gradients  with  anxiliaiy  power  on,  645. 
junctions  and  connections  of,  669. 
laying  oat  and  formation  o^  666. 
power  exerted  by  locomotives  on,  645. 
resistance  of  vehicles  on,  682. 
•  mling  gradients  of,  641. 
sleepers  for,  664. 
tractive  force  on,  635. 
Rain-fall,  692. 
Rain-gange,  695. 
Ranging  (see  Setting-out). 
Reclaiming  land,  762. 
ReconnaisMnoe  (see  Exploring). 
Refraction,  astronomical,  129. 

correction  of  levels  for,  87. 
Regime  (see  Water-channel). 
Reservoirs,  appendages  of,  704. 
embankments  of,  702. 
lake,  707. 
sites  of,  701. 
store,  699. 

town  (see  Water-diBtribnting-basins). 
walls  of,  707. 
Resilience,  226. 
of  beams,  278. 
of  iron  and  steel,  518. 
Retaining  walls,  construction  o^  409. 

subility  of,  401. 
Bev6tements,  iron,  710. 
stone  and  brick  (see  Retaining  wiUs). 
timber,  710. 


Ribs  (see  Arches). 

bent,  of  timber,  464. 
Right  angle,  to  set  out,  22. 
River  bridges,  717. 

diversions,  718. 

embankments,  726. 

navigation,  752. 

protection  of  banks  of,  710. 

subility  of  a,  708. 

surveys,  707. 

tidal  channel  oi;  758,  768. 

weirs,  718. 
Rivers,  improvements  of  channels  o(  711. 
Roads,  628. 

asphaltic  pavement,  630. 

broken  stone,  626. 

crossed  by  railways,  658. 

laying  out  and  formation,  624. 

plank,  631. 

resistance  of  vehicles  on,  628. 

ruling  gradients  o^  628. 

stone  pavement,  628. 
Rock-cutting,  317,  344. 

blasting,  844. 

blasting  under  water,  616. 

boring,  844. 

foundations,  377. 

heaviness  of,  848. 

quarrying,  844. 

tunnelling  in  (see  Tunnel). 

(See  also  Stone.) 
Rools,  covering  of,  468. 

iron,  546. 

timber,  469. 

Sandstonk,  357. 
Scales  for  plans,  4. 

for  sections,  7. 
Scouring  of  harbours,  768. 

basin,  765. 
Screw  piles,  572,  605. 
Sea  (see  Waves,  Tides,  and  ICarine  sur- 
veying). 
Sea-defences,  760. 
Section,  1,  14. 

plotting,  90. 

scales  for,  7. 

working  (se^  Working  8ectioa> 
Setting-out  works,  1,  99. 

curves,  101. 

levels,  113. 

reservoir  embankments,  702. 

slopes  and  breadths,  11,  118. 

straight  lines,  99. 

tunnels,  114. 
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,  628,  729. 
SaxUBt,  68. 

MyaatuMiiU  d,  68. 

Uking  alUtiMki  with,  124. 

hm  oC;  66.  119. 
Shafts  tiakiog  o^  656. 

trial,  10.  S31. 
Sh«0t-pika,  60ft. 
Signals  in  nuTCTing,  17. 
Slate,  chlorite,  867. 

day,  869. 

gnniracka,  369. 

borahleode,  367. 

mica,  866. 

'  Soapatona,  867. 

Soandioga,  121. 

Stability  and  strength,  sammarv  of  prin- 
ciples dt,  129. 
Stand-pipe,  786. 
Stata,  poiar  dlatonees  of,  78. 
SUtion-pointer,  120. 
Sutions  of  raOways,  671. 
Steel,  606. 

resilience  of.  618. 

strength  of,  xt,  609,  687. 
Stiffness,  224. 
Stones,  argillaceona,  368. 

artificid,  363,  367. 

calcareoQS,  369. 

chemical  oonstitnents  of,  861. 

expansion  of,  by  heat^  868. 

haarineis  of,  348. 

mechanism  for  moving  large,  890. 

predominant  minerals  in,  368. 

praservation  of,  362. 

siUoeons,  866. 

strength  of,  360. 

structure  of,  849. 

testing  durability  of,  861. 
Streams,  flow  of,  686,  690. 

floods  in,  696,  726. 

measarement  o^  696. 
Streets,  pavement  of;  628. 
Strength  of  arches,  296,  432,  481,  638, 
666. 

against  shearing,  231. 

of  beams,  239,  249,  624  (see  Beams, 
GiRlen> 

of  bricks,  866. 

of  bridges  (see  Bridge). 

of  cast  iron,  499  (see  Iron,  cast). 

of  centres,  486. 

of  frames,  465,  642. 

of  hoUow  cyUnders,  227,  288. 

of  long  pillars  and  stmts,  236,  620. 


Strength  of  materials  In  general,  221. 

of  mortar,  ceosent,  and  concrete.  374. 

of  pipes,  227. 

ofpUtfonu,465,642. 

of  short  pOIara  and  stmts,  282. 

of  spherical  shells,  22& 

of  stones,  860. 

ofties,226,  618. 

of  timber,  460,  492  (see  TiBber> 

of  wnmgfat  iron  and  atad,  xr,  yh 
687,  766  (see  In«> 
Stress,  measures  of^  161. 

of  solids,  166. 
Survey,  order  of  operatioiia  in,  11. 

trigonometrical,  68. 
Sdrvejdng,  1, 8. 

marine,  117. 

water-diannels,  707. 

water-gathering-groonds,  693. 

with  angular  instraments,  86. 

with  the  chahi,  17. 
Suspension  aqueduct,  744. 

bridge,  188,  678. 
Syenite,  866. 

Talc,  867. 
Theodolite,  63. 

a^lnstments  o^  68. 
Tidal  channds,  758. 
Tide-gauges,  118. 

Tides,  action  o^  on  ooaats  and  harixmnL 
769. 

deacription  at,  756. 
He-line  in  surveying,  24. 
Ties,  strength  o^  226,  618. 
Timber,  487  (see  also  Carpentry). 

appearance  of  good,  441. 

bridges,  466, 476, 481. 

durability  of,  449. 

examples  of;  442  to  446. 

fdlmg,  447. 

preservation  o^  460. 

seasoning,  447. 

strength  o^  460. 
Tin,  685. 
Tramways,  632. 
Transformations  of  ardies,  202. 

of  fbroes,  149. 

of  fkmmes,  199. 
Transit  instmment,  99. 
Trap,  866. 
Traverser,  669. 

Traversing  soirev,  12, 13,  70,  76. 
Trial-pits  (see  Fils> 
Trial-aectioDa^  10. 
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Triangles,  approximate  solntion  of  spheri- 
cal, 61. 

solution  of  plane,  42. 

■olution  of  spherical,  46. 
Triangulation,  68. 
TrigonometrioBl  formnlK,  snmmaiy  of,  86. 

survey,  68. 
Trigonometry,  nse  of,  9. 
TrusB  (see  fVame). 
Tunnels,  arching  of,  488. 

ooDStraction  of,  688. 

in  dry  and  solid  rock,  696. 

in  dry  fissored  rock,  696. 

in  mnd,  699. 

in  sofl  materials,  696. 

of  canals,  746. 

setting-ontr  114. 
TumUble,  670. 

ViADUciB  (see  Bridges). 

Wabpikq  land,  768. 
Water-channels,  686,  690. 

channels,  stability  of,  708  (see  Rirer). 

channels,  surveying  and  levelling,  707. 

compensation,  732. 

conduits,  718. 

oontraation  of  streams  of,  679. 

discharge  of,  from  orifices,  notches,  and 
sluices,  681. 

distribudng-baBins,  788. 

distributing-pipes,  740. 

filtration  ^  738. 

for  towns,  demand  of,  730. 


Water;  friction  of;  677. 

gathering-ground,  698. 

heights  due  to  velocities  of,  676. 

level,  98. 

measurement  and  estimation  of,  692. 

meters,  699. 

pipes,  684. 

pipes,  cast  iron,  720. 

pipes,  earthen,  729. 

pumping  of,  728,  734. 

purity  of,  786. 

reservoirs,  691,  699. 

supply  from  rivers,  784. 

snpply  fh>m  springs,  734. 

supply  from  storage-worlts,  783. 

supply  from  wells,  736. 

supply  of  canals,  760. 

theory  of  the  flow  of,  672. 
Waves,  action  of,  766. 

motion  of,  763. 
Weight  of  bodies,  161. 

measures  of,  134. 

of  earth,  817. 

of  metals,  zv,  774. 

of  stones,  848,  774. 

of  timber,  776. 
Weirs,  681,  689. 

in  rivers,  718. 
Wheelbarrow,  836. 
Whinstone,  866. 
Wood  (see  Timber). 
Working  section  and  level -book,  111. 

Zinc,  468,  686. 
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